The conserved dedA family of E. coli membrane proteins:  genetic and topological analysis by Thompkins, Kandi Sheral
Louisiana State University
LSU Digital Commons
LSU Doctoral Dissertations Graduate School
2010
The conserved dedA family of E. coli membrane
proteins: genetic and topological analysis
Kandi Sheral Thompkins
Louisiana State University and Agricultural and Mechanical College, kst250@yahoo.com
Follow this and additional works at: https://digitalcommons.lsu.edu/gradschool_dissertations
This Dissertation is brought to you for free and open access by the Graduate School at LSU Digital Commons. It has been accepted for inclusion in
LSU Doctoral Dissertations by an authorized graduate school editor of LSU Digital Commons. For more information, please contactgradetd@lsu.edu.
Recommended Citation
Thompkins, Kandi Sheral, "The conserved dedA family of E. coli membrane proteins: genetic and topological analysis" (2010). LSU
Doctoral Dissertations. 386.
https://digitalcommons.lsu.edu/gradschool_dissertations/386
THE CONSERVED DedA FAMILY OF E. COLI MEMBRANE PROTEINS: GENETIC AND 








Submitted to the Graduate Faculty of the 
Louisiana State University and 
Agricultural and Mechanical College 
in partial fulfillment of the 
Requirements for the degree of 
Doctor of philosophy 
 
in 














Kandi Sheral Thompkins 





 This work is dedicated to the most important people in my life. They supported and 
encouraged me throughout my lengthy graduate career: my family- my fiancé – Kenny, and our 
children, Kennedi and Koby. Without their unconditional love, support, and encouragement, this 




 First, I give all thanks to God for giving me patience and the strength I needed to 
complete my doctoral studies. 
 I would like to thank Dr. Bill Doerrler, my major professor, for your patience, guidance, 
and encouragement. I would also like to express my deepest appreciation to Dr. Marcia 
Newcomer, Dr. Jacqueline M. Stephens, Dr. Grover L. Waldrop for serving as my committee 
members and for your support and guidance over the years. To Ballari Chattopadhyay for your 
friendship, technical support, and creation of BC201/02. Rakesh Sikdar for your immense help, 
friendship, and allowing me to bounce ideas off of you. 
 To my mother, Yvonne, granny, Alice, and aunt, Regina thank you all so much for your 
love, guidance, and support, both emotionally and financially throughout my undergraduate and 
graduate studies. You are some of the most strong, loving, and kind women I know and I could 
only pray to be like you all someday. To Kenny, I love you and without your support and 
encouragement throughout this process I honestly don’t think I would have made it. Tray and 
Koby, straighten up, you guys have so much potential but you have to realize it and understand 
you don’t have to always follow the crowd. Be leaders and not followers. To my baby girl, 
Kennedi, you always seem to amaze me. You are a wonderful and intelligent little girl. Please 
don’t lose your enthusiasm for learning. Kennedi and Koby always follow your dreams and 
know that if you believe in yourself you can achieve them and more. Mommy will always be 






TABLE OF CONTENTS 
DEDICATION…………………………………………………………………………………….ii 
ACKNOWLEDGEMENTS…...………………………………………………………………….iii 
LIST OF TABLES………………………………………………………………………………..vi 
LIST OF FIGURES ……………………………………………………………………………..vii 
LIST OF ABREVIATIONS ……………………………………………………………………viii 
ABSTRACT……………………………………………………………………………………….x 
CHAPTER 1. INTRODUCTION…………………………………………………………………1 
 1.1 General Introduction……………………………………………………….………….1 
 1.2 Phosphatidylethanolamine Deficient Mutants…………………………………...........1 
 1.3 PE Determining Membrane Protein Topology ……………………………….……....4 
 1.4 Anionic Phospholipid Deficient Cells.…………………………………………..…....6 
 1.5 LPS Synthesis and Function………………………………………………........……..8 
 1.6 Bacterial Cell Division.….……………………………………………………...........10 
 1.7 Membrane Proteins- What Is Known?………………………………………….……20 
 1.8 Outer Membrane Vesicles……………………………………………………… ……22 
 1.9 Ludox Density Gradient……..………………………………………………….……25 
 
CHAPTER 2. TEMPERATURE SENSITIVITY AND CELL DIVISION DEFECTS IN              
AN ESCHERICHIA COLI STRAIN WITH MUTATIONS IN  yghB and yqjA, ENCODING 
RELATED AND CONSERVED INNER MEMBRANE PROTEINS.…………………………28 
 2.1 Introduction …………………………………………………………………..... ……28 
 2.2 Materials and Methods ………………………………………………………............30 
 2.3 Results …………………………………………………………………………. ……36 
 2.4 Discussion …………………………………………………………………...............50 
 
CHAPTER 3. MOTILITY DEFECTS AND OVERPRODUCTION OF OUTER  
 MEMBRANE VESICLES IN LUD135………………………………………………………...57 
 3.1 Introduction ……………………………………………………………………. ……57 
 3.2 Material and Methods………………………………………………………….. ……58 
 3.3 Results …………….…………………………………………………........................60 
 3.4 Discussion…………………………………………………………………................61 
  
CHAPTER 4. TOPOLOGICAL ANALYSIS OF YqjA………………………………………...65 
 4.1 Introduction ………………………………………………………………………….65 
 4.2 Material and Methods …………………………………………………………. ……67 
 4.3 Results………………………………………………………………………………..69 

































LIST OF TABLES 
Table 2.1 PCR primers used in this study…………………………………………………..32 
Table 2.2 Bacterial strains and plasmids …………………………………………………...33 
Table 2.3 Visible colony formation of Lud135 and BC201 when 
  grown on LB media containing different supplements ………………………….45 
Table 3.1 Bacterial strains and plasmids ………………………………………...............…58 
Table 4.1  Bacterial strains and plasmids……………………………………………………69             





















LIST OF FIGURES 
Figure 1.1 Structure of the  E.coli cell envelope……………………………………………...2 
Figure 1.2  Phospholipid biosynthetic pathway in E. coli.……………………………………3 
Figure 1.3 Structure of E. coli LPS…………………………………………………………...9 
Figure 1.4 LPS synthesis and transport……………………………………………………...11 
Figure 1.5.  Bacterial Cell division………………….………………………………………...16 
Figure 1.6. Model for OMV biogenesis……………………………………………………...23 
Figure 1.7.  Ludox enrichment of msbA mutants……………………………………………..26 
Figure 2.1. The E. coli DedA family of related predicted IM proteins………………………38 
Figure 2.2. Lud135, a temperature-sensitive yghB yqjA mutant……………………………..41 
Figure 2.3. BC202, an engineered yghB yqjA double-deletion strain………………………..42 
Figure 2.4. Membrane phospholipid analysis of mutant Lud135, BC202, and single-deletion  
  strains…………………………………………………………………………….47 
 
Figure 2.5. Differential interference contrast microscopy of Lud135/BC201……………….49 
 
Figure 2.6. TEM of W3110A, Lud135, and BC201………………………………………….50 
 
Figure 2.7. SEM of W3110A, Lud135, and BC201…………………………………………51 
 
Figure 3.1 Motility assays of W3110A, Lud135, Lud135/p-yghB …………………………60 
 
Figure 3.2 Lud135 overproduced OMVs ………………………………………………...…62 
 
Figure 3.3 FliC overproduced in Lud135 OMVs……………………………………………63 
 
Figure 4.1 YqjA fusion sites…………………………………………………………………71 
 
Figure 4.2 Topology reporter analysis………………………………………………………72 
 





LIST OF ABBREVIATIONS 
Amp
r
- ampicillin resistance 
Cam
r
- chlorophenicol resistance 
CL- Cardiolipin 
Cyto- cytoplasm 
FtsKC- C-terminal domain of FtsK 
FtsKN- N-terminal domain of FtsK 
IM- inner membrane 
Kan
r
- kanamycin resistance  




MinCC- C-terminal domain of MinC 
MinCN- N-terminal domain of MinC 
OM- outer membrane 
Omps- outer membrane proteins 
OMV- outer membrane vesicles 










SEM- scanning electron microscopy 
SDS-PAGE- sodium dodecyl sulfate-polyacrylamide gel electrophoresis 
SRP-signal recognition particle 
Tat- twin- arginine pathway 
TEM- transmission electron microscopy 
Tet
r





 Ludox density gradients were used to enrich for Escherichia coli mutants with 
conditional growth defects and alterations in membrane composition. A temperature-sensitive 
mutant named Lud135 was isolated with mutations in two related, nonessential genes: yghB and 
yqjA. yghB harbors a single missense mutation (G203D) and yqjA contains a nonsense mutation 
(W92TGA) in Lud135. Both mutations are required for the temperature-sensitive phenotype: 
targeted deletion of both genes in a wild-type background results in a strain with a similar 
phenotype and expression of either gene from a plasmid restores growth at elevated 
temperatures. The mutant has altered membrane phospholipid levels, with elevated levels of 
acidic phospholipids, when grown under permissive conditions. Growth of Lud135 under 









 or 300 to 500 mM NaCl but not 400 mM sucrose. Microscopic 
analysis of Lud135 demonstrates a dramatic defect at a late stage of cell division when cells are 
grown under permissive conditions. Lud135 is non-motile and overproduces outer membrane 
vesicles that contain FliC. Preliminary results from the topological analysis of YqjA suggest it 
contains 4 transmembrane domains with a large cytoplasmic domain that is enriched in positive 
amino acids. yghB and yqjA belong to the conserved and widely distributed dedA gene family, 
for which no function has been reported. The two open reading frames encode predicted 
polytopic inner membrane proteins with 61% amino acid identity. It is likely that YghB and 
YqjA play redundant but critical roles in membrane biology that are essential for completion of 







1.1 General Introduction  
The envelope of Gram-negative bacteria (Fig. 1.1) is composed of the inner membrane, 
periplasm, and the outer membrane. The inner membrane is a symmetrical lipid bilayer 
composed of the phospholipids phosphatidylethanolamine (PE), phosphatidylglycerol (PG), and 
cardiolipin (CL). The outer membrane is an asymmetric lipid bilayer consisting of phospholipids 
in the inner leaflet and lipopolysaccharide (LPS) in the outer leaflet. Lipids play important roles 
in cells such as structural integrity, protein folding, solute transport, the initiation of DNA 
replication and cell division (Raetz and Dowhan 1990; Dowhan 2009).The work described 





exhibiting temperature sensitivity, cell division defects and an abnormal membrane phospholipid 
composition.  This discussion will begin with a review of the known functions of lipids in 
bacterial cells followed by a summary of the events that take place during bacterial cell division.  
Next, a description of the genetic approach used to isolate BC202 and an overview of the 
conserved DedA family of membrane proteins. 
1.2 Phosphatidylethanolamine-Deficient Mutants  
Membrane lipids prefer to organize in a lipid bilayer however non-bilayers may also be 
important to facilitate processes such a protein translocation and cell division. 
Phosphatidylethanolamine (PE), a zwitterionic lipid, is the major lipid constituent of the E.coli 
cell envelope (Fig.1.2). PE is a typical non-bilayer lipid. psd temperature sensitive mutants were 




Figure 1.1. Structure of the E. coli cell envelope. In Gram-negative bacteria, the cytoplasm is 
surrounded by the inner membrane (IM), that is, a phospholipid (PL) bilayer that also contains 
proteins. there are two types of proteins in the IM: integral IM proteins, which span the 
membrane through α-helical transmembrane domains, and IM lipoproteins, which are anchored 
to the outer leaflet through a lipid moiety. the periplasm is the aqueous compartment bounded by 
the IM and the outer membrane (OM); it contains soluble proteins and the peptidoglycan layer. 
the OM is anchored to the rest of the cell via proteins that are covalently attached to the 
peptidoglycan. the OM is asymmetric, as it contains phospholipids in the inner leaflet and 
lipopolysaccharide (LPS) in the outer leaflet. In addition, the OM contains two types of proteins, 
integral OM proteins (OMPs) and lipoproteins. This figure was reprinted with permission from 
Macmillan Publishers: Natures Reviews Microbiology (Ruiz, Kahne et al. 2009).  
 





partially suppress the temperature sensitive phenotype.  These mutations resulted in cell lysis at 
the nonpermissive temperature. The cell lysis was a result of the accumulation of PS as strains 
lacking pssA do not lyse (Cronan 2003). AD93 ( pssA::Kan
R
) lacks the ability to synthesize the  
biosynthetic precursor of PE, PS, resulting in a strain that is deficient in PE.  
The absence of PE in AD93 is compensated by an increase in anionic lipids, PG and CL 




Figure 1.2. Phospholipid biosynthetic pathway in E. coli. Steps in the pathway are indicated and 
catalyzed by the following enzymes, which are encoded by the indicated gene: 1)CDP-
diacylglycerol synthase; 2) phosphatidylserine (PS) synthase; 3) PS decarboxylase;  
4) phosphatidylglycerol (PG)-P synthase; 5) PG-P phosphatase; 6) cardiolipin (CL) synthase. 
This figure was reproduced with permission from the American Society for Microbiology 
(Dowhan 2009). 
 









 can phenotypically suppress AD93  (Hawrot and Kennedy 1978; Rietveld, Chupin et al. 
1994; Dowhan 2009).  Lipids derived from AD93 undergo bilayer to non bilayer transitions in 
the presence of divalent cations. These results taken along with the ability of divalent cations to 
induce a non-bilayer phase in CL suggests the combination of increased CL with the divalent 
cations in AD93 may shift cardiolipin into a non-bilayer phase thus carrying out the role of PE in 
this strain (Rietveld, Killian et al. 1993; Rietveld, Chupin et al. 1994). Additionally, the divalent 
cations that cannot induce the non-bilayer phase are also incapable of supporting growth of 
AD93 (Rietveld, Killian et al. 1993; Rietveld, Chupin et al. 1994). Furthermore, pssA cls 
double mutants are nonviable even in the presence of divalent cations suggesting a requirement 
of lipids that can undergo phase change for cell viability (Shibuya, Miyazaki et al. 1985). 
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Previous research has also shown a requirement of PE in cell division.  PE-deficient mutants 
form filaments and are unable to complete cell division (Hawrot and Kennedy 1978). FtsZ, FtsA, 
and ZipA were found to localize properly in AD93, however GFP fused to FtsZ and Zip showed 
ladder-like structures that were unable to undergo constriction (Mileykovskaya, Sun et al. 1998).   
PE has also been shown to be essential for motility and chemotaxis. Both null and temperature 
sensitive PE mutant show defects in motility and chemotaxis, as a result of having reduced rates 
of transcription of the flagellar genes, at the nonpermissive temperature, 35°C. At the permissive 
temperature, 25°C, the temperature sensitive mutants are motile and chemotactic. These results 
suggest a correlation between the amount of PE and flagellar chemotaxis regulation (Shi, 
Bogdanov et al. 1993).   
1.3 PE Determining Membrane Protein Topology 
LacY is a polytopic inner membrane protein consisting of 12 α-helical transmembrane 
domains. LacY is responsible for both the active uphill transport and the facilitated downhill 
transport of lactose across the inner membrane in E. coli. (Bogdanov and Dowhan 1995; Dowhan 
W 2009). LacY has been reconstituted in vitro in proteoliposomes that were composed of 
different phospholipids. Liposomes composed of native E. coli lipids as well as liposome 
mixtures that contained phosphatidylethanolamine and phosphatidylserine showed maximal 
activity and supported both uphill and downhill transport. Alternatively, liposomes composed of 
phosphatidylcholine (zwitterionic phospholipid absent in E. coli) or anionic phospholipids 
showed low activity and only supported downhill transport. These findings suggested a possible 
requirement for lipids to support full function of LacY (Chen and Wilson 1984). In vivo studies 
also indicated a requirement for PE. Bogdnov and Dowhan used a pssA null mutant to show the 
correlation between PE and LacY active transport. By comparing lactose transport in PE-lacking 
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cells with wild-type cells the researchers observed a reduction in active transport in PE-deficient 
cells when compared to wild-type cells. However, downhill transport was not affected by the 
lack of PE, suggesting a requirement for PE for full function of LacY in vivo (Bogdanov and 
Dowhan 1995).  
The use of a conformationally sensitive antibody against LacY, mAb 4B1, along with 
PE-deficient cells lead to the discovery of PE as a molecular chaperone. mAb 4B1 recognizes an 
epitope in the periplasmic loop [L(VII/VIII)] that connects domains VII and VIII of the 
permease. The epitope domain was exposed in spheroplasts of wild-type cells and binding of 
mAb 4B1 to wild- type LacY resulted in loss of active but not facilitated transport.  The epitope, 
4B1, was not recognizable by the conformationally sensitive antibody in PE-deficient cells 
suggesting the LacY is misassembled or misfolded in the absence of PE.  The Eastern-Western 
blotting technique was utilized in which lipids were blotted on nitrocellulose sheets prior to 
transferring proteins from the SDS polyacrylamide gel. In the presence of native E. coli lipids or 
PE, LacY from PE-deficient cells regained the ability to be recognized by mAb 4B1. However, 
phosphatidylcholine or anionic phospholipids were unable to restore the recognition of mAb 4B1 
to LacY from PE-deficient cells. These results support the function of PE as a molecular 
chaperone of LacY (Bogdanov, Sun et al. 1996; Dowhan W 2009). 
 LacY has been determined to have a reversible topology that is dependent on membrane 
phospholipid composition.  LacY assembly in PE-deficient cells results in topological inversion 
of the N-terminal helical bundle (the first half of LacY through C6 domain). The addition of PE 
after assembly of LacY results in the restoration of normal topology, conformation, and active 
transport (Bogdanov, Heacock et al. 2002).  Additional secondary transporters, phenylalanine 
(PheP) (Zhang, Bogdanov et al. 2003) and g-aminobutyrate (GabP) (Zhang, Campbell et al. 
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2005) permeases were also determined to have topological inversion in PE-deficient cells, where 
the N-terminal two-transmembrane hairpin was inverted, which resulted in a reduction of active 
transport.  PheP was also shown  to have restoration of normal topology, conformation, and 
active transport upon the addition of PE (Zhang, Bogdanov et al. 2003).  Taken together, these 
results suggest a requirement for PE in proper folding and assembly of proteins.  
1.4 Anionic Phospholipid Deficient Cells 
 Phosphatidylglcerol (PG) and cardiolipin (CL) are the major anionic phospholipids found 
in E. coli (Fig. 1.2). PG and CL are found in most bacterial membranes. The isolation of the null 
psgA mutant, pgsA3, was the first example of PG and CL being indispensible in E. coli. The 
psgA3 allele was determined to lethal in wild-type E. coli cells due to the reduction in PG and 
cardiolipin (C Miyazaki 1985), demonstrating that anionic lipids are essential for cell function 
(Heacock and Dowhan 1989).  This lethality is attributed to PG deficiency because null cls 
mutants (lacking cardiolipin) were found to be viable (Nishijima, Asami et al. 1988). Studies 
using pgsA have demonstrated that anionic phospholipids are involved in indispensable cellular 
processes, for example activation of DnaA-dependent replication initiation and SecA-dependent 
protein translocation (Dowhan 1997; Dowhan 2009).  
In the case of DNA replication, the inhibition of growth is a result of inactivation of 
DnaA.  DnaA is an ATPase that binds sites within oriC which is the first step in the assembly of 
the initiation complex. After ATP is bound to DnaA, it unwinds an A-T rich region on oriC that 
allows OriB (helicase) to unwind DNA allowing for initiation of replication. Once a single round 
of replication has taken place the result is an inactive DnaA-ADP complex. This inactive 
complex is able to bind oriC, however it is incapable of unwinding DnaA (Ozaki, Kawakami et 
al. 2008). In the presence of oriC phospholipid-DNA vesicles supported the rejuvenation of 
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DnaA-ADP (inactive) to DnaA-ATP (active). The reactivation of DnaA required acidic 
phospholipids (PG, CL, or phosphatidic acid) (Xia 1995; Crooke 2001). Mutations in the rnhA 
gene, which encodes RNaseH, have been shown to suppress the lethality of anionic phospholipid 
deficiency. RNase H is a nuclease that degrades RNA-DNA duplexes except at oriC, allowing 
for constitutive stable replication to occur. Constitutive stable replication does not require DnaA 
or oriC but rather bypasses DnaA-dependent initiation altogether allowing replication to occur at 
oriK (von Meyenburg, Boye et al. 1987; Xia 1995). Alternatively, mutations to the phospholipid-
interacting domain or the DNA-binding domain of DnaA were able to restore growth to cells that 
were deficient in anionic phospholipids where wild-type DnaA could not (Zheng, Li et al. 2001). 
Additionally, having the DnaA (L366K) mutation along with wild-type DnaA allows for the 
restoration of growth to anionic phospholipid deficient cells (Aranovich 2007).  
Translocation of precursors of outer membrane proteins such as PhoE and OmpA have 
been shown to be severely weakened in pgsA3. This impairment is a result of the reduction in 
anionic phospholipids (de Vrije, de Swart et al. 1988). SecA ATPase activity, as well as 
proOmpA translocation has been shown to be dependent on PG in the membrane based on the 
strong binding and stimulation of SecA by liposomes consisting of increasing concentrations of 
anionic phospholipids. Translocation of proteins could be reconstituted in the presence of anionic 
phospholipids (Lill, Dowhan et al. 1990).  Despite the fact that PG and CL have essential roles in 
cellular functions it is now known that these phospholipids are not required for cell viability. 
Kikuchi et al. isolated a null pgsA mutant that lacks detectable levels of PG and CL that was 
viable contradicting previous notations that PG and CL were essential for cell viability (Xia 
1995; Kikuchi, Shibuya et al. 2000) . The viability of this null mutant is attributed to the fact that 
other anionic phospholipids may be able to substitute for PG and CL, thereby suggesting a 
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requirement for the presence of the negative charge and not necessarily a particular anionic 
phospholipid. (Kusters, Dowhan et al. 1991; Castuma, Crooke et al. 1993; Dowhan 1997). 
1.5 LPS Synthesis and Function 
 Lipopolysaccharide (LPS), also known as endotoxin, is a potent inducer of the innate 
immune system. LPS is essential to most Gram-negative bacteria and consists of three separate 
regions: the lipid A, the core-oligosaccharide, and the O-antigen. LPS, a glycolipid that is 
anchored in the outer leaflet of the outer membrane (Fig. 1.3), is essential for an effective 
permeability barrier (C.R. and Whitfield 2002; Cronan 2003). LPS is highly conserved among 
Gram-negative bacteria although modifications can increase differences among bacteria. The 
further away you move from lipid A the less conservation there is.  For instance, the inner core 
region is highly conserved within the enterobacteriacae family. The outer core region shows 
more variability and the O- antigen is highly variable, differing from organism to organism (C.R. 
and Whitfield 2002; Holst 2007). All of the enzymes that catalyze synthesis of lipid A-core are 
cytoplasmic or associated with the inner membrane therefore components of LPS are synthesized 
at the inner leaflet of the inner membrane (Raetz C.R. and Whitfield 2002). The lipid A-
core region (also known as rough LPS) is flipped across the inner membrane separately of the O- 
antigen where the two are ligated on the outer leaflet of the inner membrane (periplasm).  This 
translocation of rough LPS across the inner membrane is catalyzed by MsbA. MsbA, an ABC 
transporter, is essential in most gram-negative bacteria (Karow M 1993). MsbA was first 
identified as a multicopy suppressor of a lpxL (formerly htrB) deletion strain. LpxL is a 
laurolytransferase involved in a late step of lipid A biosynthesis (Clementz, Bednarski et al. 
1996). lpxL mutants accumulate LPS with tetra-acylated lipid A in the inner membrane at the 
nonpermissive growth temperature of 42°C. The complementation of lpxL null mutants by 
9 
 
multiple copies of msbA occurred without the addition of laurate resulting in export of LPS tetra-
acylated lipid A to the outer membrane (Zhou, White et al. 1998).  
 
Figure 1.3. Structure of E. coli LPS. The structure of LPs among different species is very diverse 
and bacteria can further modify the typical LPS structure in response to environmental signals 
and defects in envelope conditions. This figure was reprinted with permission from Macmillan 
Publishers: Nature Reviews Microbiology (Ruiz, Kahne et al. 2009). 
 
 WD2, an MsbA temperature sensitive mutant, was isolated that contained a single A270T 
substitution in a membrane-spanning helix of MsbA. Within 30 minutes after a shift of WD2 to 
the nonpermissive temperature of 44°C WD2 accumulates newly synthesized LPS and 
phospholipids in the inner membrane. Electron microscopy shows invaginations of the inner 
membrane in WD2 at 44°C (Doerrler, Reedy et al. 2001). Additionally, newly synthesized LPS 
and phospholipids accumulate at the cytoplasmic leaflet of the inner membrane. The LPS 
accumulation was demonstrated using a polymyxin resistant  strain of WD2 that was unable to 
modify lipid A with 4-amino-4-deoxy-Larabinose (L-Ara4N) or phosphoethanolamine. This 
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modification occurs in the outer leaflet of the inner membrane (periplasm) (Doerrler, Gibbons et 
al. 2004). 
The O-antigen is translocated across the inner membrane linked to undecaprenol-P via 
one of the following pathways Wzy-dependent, ABC-transporter- dependent, synthase-
dependent or WyZ independent pathways (Whitfield, Amor et al. 1997). After translocation 
across the inner membrane R-LPS and the O-antigen are ligated by WaaL. After translocation 
across the inner membrane the nascent LPS interacts with the LPS transport machinery (Fig. 
1.4), LptA (periplasmic), LptB (cytoplasmic ABC transporter homologue), LptC (inner 
membrane), LptG (inner membrane), LptF (inner membrane), LptD (outer membrane), and LptE  
(outer membrane). All of the components of the LPS transport machinery are essential proteins. 
The model for LPS transport to the outer membrane consists of LptA/B removing the nascent 
LPS from the outer leaflet of the inner membrane, and then “passing” it along to LptD/E which 
flips the nascent LPS to the outer leaflet of the outer membrane (Raetz CR. 2007; Sperandeo, 
Cescutti et al. 2007; Sperandeo, Lau et al. 2008; Ruiz, Kahne et al. 2009). The presence of LPS 
in the outer membrane renders cells highly resistant to antibiotics, chemicals, and environmental 
stresses. 
1.6 Bacterial Cell Division 
Cell division in Escherichia coli requires the invagination of the multilayered cell 
envelope consisting of the cytoplasmic membrane, peptidoglycan layer and the outer membrane. 
Division is initiated via the polymerization of FtsZ, a bacterial tubulin homolog, into a ring-like 
structure referred to as the Z ring (Errington et al., 2003).  The Z ring is required to recruit 
downstream cell division proteins, which are divided into two classes: early divisome proteins 
(FtsA/ZipA and ZapA FtsEX) and later divisome proteins (FtsK, FtsQ-FtsL-FtsB, FtsW, FtsI, 
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FtsN, AmiC, and FtsP based on timing as well as dependency of recruitment (Aarsman et al., 
2005; Goehring et al., 2005). 
 
 
Figure 1.4 Model for LPS transport. The lipid A-core moiety is synthesized at the cytoplasmic 
leaflet of the IM and flipped over the IM by MsbA. LptF and LptG complete the IM-bound ABC 
transporter. LptA, LptB, and LptC are part of a protein machine that transports LPS across the 
periplasm to the OM. The LptD/LptE complex mediates the insertion of LPS into the OM. 
The former names of the proteins are indicated in parentheses. (Sperandeo, Lau et al. 2008). 
The first important step in cell division is division site selection. There are two processes 
that dictate the Z-ring location. One process, nucleoid occlusion is based on the premise that the 
Z-ring forms at DNA-free or areas of low DNA concentration such as the midcell, the cell poles, 
and between the replicated and segregated chromosomes. SlmA, a DNA binding protein, was 
identified using a synthetically lethal screen with a defective Min system. SlmA was found to be 
associated with the nucleoid(s). Additionally, SlmA interacts directly with FtsZ in vitro. 
Researchers have formulated two hypotheses: i) SlmA competes with FtsA and ZipA for binding 
to FtsZ and ii) SlmA promotes the depolymeriztion of FtsZ in vivo, both of which would result 
in inhibition of Z-ring formation.  However the exact mechanism for SlmA’s inhibition of the Z-
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ring remains unclear (Bernhardt and Boer 2005). Similarly, in Bacillus subtilis, Noc, or nucleoid 
occlusion protein, binds nonspecifically to DNA and prevents the assembly of the division 
machinery in the vicinity of the nucleoid, especially under conditions that disrupt the cell cycle. 
Therefore, Noc also prevents the formation of the Z ring through the nucleoid. (Wu LJ 2004). 
Another determinant of division site selection is the Min system. The Min system 
consists of the proteins MinC, MinD, and MinE. MinC is a potent inhibitor of FtsZ with two 
structurally and functionally distinct domains. The C-terminal domain (MinCC) interacts directly 
with FtsZ polymer targeting MinC to the Z ring, also preventing interactions between FtsZ 
filaments. MinCc also interacts with MinD allowing for dimerization of the MinC-MinD 
complex. The N-terminal domain (MinCN) interacts with FtsZ. MinCN weakens the bonds 
between FtsZ molecules in a filament resulting in destabilization of FtsZ polymerization (Hu and 
Lutkenhaus 2000) (Dajkovic A 2008). MinD is a membrane associated ATPase. The binding of 
MinD to the membrane occurs in an ATP dependent manner that is essential for oligomerization 
of MinD and membrane binding. The C-terminal domain of Min D (conserved 8-12 residue) that 
is predicted to be an amphipathic α-helix interacts with anionic phospholipids in the membrane.  
MinD-liposome binding studies indicate a preference for anionic lipids due to the higher affinity 
for MinD to liposomes that contained anionic lipids (anionic only or anionic+zwitterionic) verses 
liposomes composed of zwitterionic lipids. Therefore the presence of anionic lipids is essential 
for membrane localization of MinD (Szeto, Rowland et al. 2002; Mileykovskaya and Dowhan 
2005). In the absence of MinD, MinC can no longer inhibit FtsZ or associate with the membrane 
(Johnson, Lackner et al. 2004; Goehring and Beckwith 2005). MinD ATPase activity has been 
shown to be stimulated by MinE in the presence of phospholipids. The competitive displacement 
of MinC by MinE results in the release of MinD from the membrane. Following the exchange of 
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ADP to ATP, MinD-ATP rebinds the membrane but the concentration of MinE at the previous 
site is so high that the MinD-ATP binds the opposite pole resulting in oscillation of MinD. 
Keeping MinC concentrations high at the poles prevents Z-ring formation at the poles. (Raskin 
and de Boer 1999; Zonglin H. 2001). Bacillus subtilis has a homologous MinCD system that 
lacks MinE but contains the protein DivIVA.  DivIVA is required to maintain MinCD to the 
poles which results in  no oscillation of MinCD. When the spore septum forms MinCD/ DivIVA 
displaces  the Z-ring (midcell) and drives it toward the poles (Edwards DH. 1997; Ben-Yehuda S 
2002; Rothfield, Taghbalout et al. 2005). Although nucleoid occlusion and the Min system are 
required for proper formation of the Z ring, which is essential for normal cell division to occur, 
many organisms lack these systems. 
 FtsZ is a cytoplasmic protein that is homologous to tubulin. FtsZ, a self-activating 
GTPase, forms the Z-ring which functions in constriction. The Z-ring serves as a scaffolding 
protein that recruits the downstream components of the septal ring. There are roughly 15,000 
copies of FtsZ per cell (Goehring and Beckwith 2005). FtsZ polymerizes in a GTP-dependent 
manner and can bind and hydrolyze GTP (Amit Mukherjee 1993) . The GTPase activity of FtsZ  
has been determined to be essential for FtsZ sensitivity to MinC (Rothfield, Taghbalout et al. 
2005). FtsZ is highly conserved among most bacteria with a few exceptions. FtsZ has been 
determined to be the most important component of the cell division process because its 
localization is required for targeting of the remainder of the cell division proteins. FtsA and ZipA 
interact with the C-terminus of FstZ, a conserved sequence of about 17 residues, however it is 
believed that FtsA and ZipA do not compete for FtsZ binding. Mutations within this conserved 
C-terminal region prevent both the interaction of FtsZ with FtsA and ZipA but also prevent the 
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assembly of FtsZ into a Z ring. (Liu, Mukherjee et al. 1999; Ma and Margolin 1999; Haney, 
Glasfeld et al. 2001; Pichoff S 2002).  
FtsA, a member of the actin superfamily, hydrolyzes and binds ATP.  The FtsA from 
Bacillus subtilis has ATPase activity, however ATPase activity for E. coli FtsA has not been 
established (Feucht, Lucet et al. 2001; Adams and Errington 2009). FtsA is a cytoplasmic 
peripheral membrane protein that binds the membrane via its membrane targeting sequence 
(MTS). The MTS is believed to help anchor FtsA  to the membrane (Pichoff and Lutkenhaus 
2005).  FtsA interacts with the C-terminus of FtsZ and this interaction is essential for accurate 
functioning of the divisome. The interaction between FtsA and the C-terminus of FtsZ may be 
homologous among other organisms as it was found in Caulobacter crescentus, an organism that 
undergoes atypical cell division. (Din, Quardokus et al. 1998; Yan K 2000). FtsA contains an 
unique subdomain called the IC domain (exclusive for actin-like proteins) that is adequate for 
cell division but is nonessential for the ability of FtsA to localize to the Z ring. Additionally, the 
IC domain is believed to play a role in FtsA self-interactions and FtsA interactions with FtsI and 
FtsN (Corbin, Geissler et al. 2004; Rico, García-Ovalle et al. 2004). Pichoff and colleagues 
isolated FtsA mutants that were targeted to the membrane but were unable to interact with FtsZ 
or be recruited to the Z ring in a yeast two-hybrid system. Through the use of these mutants the 
researchers concluded that FtsA is first targeted to the membrane then interacts with FtsZ again 
demonstrating the importance of the interaction between FtsA and FtsZ (Pichoff and Lutkenhaus 
2007). A gain of function ftsA mutant (FtsA-R286W, called FtsA*) was isolated that could 
bypass the requirement for ZipA. These results taken along with the fact that FtsA and ZipA can 
form  Z rings in the absence of one of the proteins but not in the absence of both suggest  
redundant roles for these proteins (Geissler B 2003). 
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ZipA is a bitopic protein whose N-terminus acts as a transmembrane anchor and C-
terminus is cytoplasmic. This unique topology is also seen with the EzrA (extra Z ring) protein 
from Bacillus subtilis. Despite topological similarities ZipA and EzrA play completely different 
roles in cell division. Ezra inhibits Z ring formation and is considered a negative regulator of Z 
ring formation due to either direct or indirect interactions with FtsZ that promote 
depolymerization (Levin, Kurtser et al. 1999; Errington, Daniel et al. 2003). The evidence that 
ZipA was non-essential for cell division and growth was a result of a FtsA mutant being isolated 
that could bypass the requirement for ZipA in cell division (discussed above) (Geissler B 2003). 
ZipA requires FtsZ but not FtsA for its localization to the Z ring. The C-terminal of ZipA (143 
residues) interacts with the C-terminal of FtsZ (20 residues) through predominantly hydrophobic 
interactions.  This interaction is essential for ZipA recruitment to the division site (Hale CA 
1997; Hale and de Boer 1999; Hale, Rhee et al. 2000; Mosyak, Zhang et al. 2000). 
Overexpression of zipA is able to suppress the temperature sensitivity of ftsz84(ts) by stabilizing 
the Z-ring (RayChaudhuri 1999). ZipA only interacts with FtsZ (Errington, Daniel et al. 2003; 
Adams and Errington 2009). After the establishment of the Z-ring the late cell division proteins 
are recruited.  These include FtsK, FtsQ, FtsB, FtsL, FtsW, FtsI, FtsN, FtsP, and AmiC (Fig.1.5).   
 zapA (Z ring associated protein A), a FtsZ regulator, was found to colocalize with the Z 
ring in vivo. ZapA binds FtsZ and is recruited to the septal ring early in the cell division process. 
Binding of ZapA to FtsZ stimulates Z ring stability as well as assembly. ZapA can promote FtsZ 
polymerization independently of GTP (Low, Moncrieffe et al. 2004). ZapA depleted cells did not 
have the typical cell division mutant phenotype (filamenting or chaining cells). However, a zapA  
ezrA double mutant is considered synthetically lethal because this mutant led to colonies that 
were too sick for laboratory maintenance. Additionally, a conditional mutant harboring a deletion 
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of ezrA along with a wild type copy of zapA under the control of an inducible promoter resulted 
in filamenting cells.  Mutations resulted in the inability to complete cell division (Gueiros-Filho 
FJ 2002; Adams and Errington 2009).  
 
Figure 1.5. Bacterial cell division. This diagram shows the order of recruitment to the septal ring 
in E. coli for known cell division proteins and is modified, with the permission of the publisher, 
from a diagram originally presented in (Weiss 2004) to include FtsP (Sikdar and Doerrler 2009). 
This figure was reproduced with permission from the American Society for Microbiology. 
 
 ZapB, FtsZ regulator, is recruited early to the division site. This recruitment of FtsZ 
requires only FtsZ and not FtsA or FtsI as indicated by the use of GFP-ZapB fusions. zapB null 
mutants are viable but result in delayed cell division, only with the addition of the fstZ84 
mutation is a cell defect phenotype evident. Yeast two-hybrid assays indicated protein-protein 
interactions between ZapB and FstZ (Ebersbach, Galli et al. 2008; Adams and Errington 2009). 
 FtsK is a member of chromosome partitioning family of proteins. FtsK, a DNA 
translocase, is essential for cell division and among the first cell division proteins to localize at 
the septum. FtsK is a multidomain protein. The C-terminus of FtsK (FtsKC) uses ATP to 
translocate DNA. Deleting the C-terminus has an effect on DNA segregation but not cell 
division; however, the N-terminus (FtsKN) is essential for cell division and has been shown to 
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localize FstK to the division septum. FtsKN is able to complement a FtsK deletion strain, 
however FtsKC cannot (Draper, McLennan et al. 1998; Yu, Weihe et al. 1998). 
Mutations in ftsK results in filamenting cells with profound constrictions that are unable 
to carry out normal cell division. The co-overexpression of FtsZ and FtsQ in the presence of a 
mutant form of FtsA, or the overexpression of FtsQ or FtsN, is able to partially suppress the 
lethality of FtsK null mutants. However, the overexpression of these proteins does not result in 
normal cell division but rather the cells are still filamentous with deep constrictions.  The 
localization of FtsK to the midcell is essential for recruitment of later cell division proteins 
(Wang and Lutkenhaus 1998; Sharp and Pogliano 1999; Chen and Beckwith 2001; Sharp and 
Pogliano 2003). Similarly to FtsK, the membrane domain of SpoIIIE (B. subtilis FtsK homologe) 
localizes it to the division site (Sharp and Pogliano 2003).  The N-terminus of the Bacillus 
subtilis SpoIIIE (FtsK homologue) functions in the final fusion events that separate the forespore 
and mother cell but has not been determined to be involved in septation (Sharp and Pogliano 
1999; Sharp and Pogliano 2003; Goehring and Beckwith 2005). 
 FtsQ, a bitopic membrane protein contains a short cytoplasmic amino terminus, a single 
transmembrane segment, and a relatively large periplasmic domain (225 amino acids) (Carson, 
Barondess et al. 1991). FtsQ is an essential cell division protein that contains three functional 
periplasmic subdomains: i. required for the interaction of FtsQ (FtsQ-FtsQ), FtsI, FtsN (residues 
50-135) and FtsW (residues 67-75), ii. FtsB interactions (residues 136-202), and iii. FtsL (C-
terminal) (D'Ulisse, Fagioli et al. 2007) . The periplasmic domain is essential for localization of 
FtsQ, which is dependent on the cytoplasmic proteins FtsZ and FtsA, but not FtsI or FtsL 
suggesting FtsQ is an intermediate in the septal ring formation (Chen, Weiss et al. 
1999).However, the localization of FtsQ is required for the localization of FtsL and FtsB (Chen, 
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Weiss et al. 1999). FtsQ, FtsL, and FtsB form a complex in which FtsQ localizes to the division 
site in the absence of Ftsl and FtsB. However, FtsL and FtsB require each other for proper 
localization and depletion of FtsB results in the loss of FtsL (Buddelmeijer, Judson et al. 2002). 
The N-terminus of FtsB is essential for interactions with FtsL which is required for downstream 
recruitment of later division proteins, also the C-terminus of FtsB is essential for interactions 
with FtsQ. The functions for FtsQ, FtsL, and FtsB are still unknown. FtsQ, FtsL, and FtsB are all 
required to recruit FtsW and FtsI.  
FtsW is a member of the Shape, Elongation, Division, and Sporulation (SEDS) family of 
proteins (Henriques, Glaser et al. 1998) that initiates constriction. Genes encoding SDES 
proteins are usually cotranscribed with transpeptidases suggesting a functional relationship 
between the two proteins (Goehring and Beckwith 2005). An example of this type of situation 
occurs with FtsW and FtsI, which are required for cell division. Isolation of the fstW rodA double 
mutant showed cells ranging from a loss of the Z-ring to cells shaped like lemons suggesting a 
role for FstW in stabilization of the division septum. However no direct interaction between 
FtsW and FtsZ has been determined. Hence, the exact role of FtsW is still unknown. FtsW is 
required for localization of FtsI. Septal localization of FtsI requires the periplasmic loop from 
residues P368 to P375 (Pastoret, Fraipont et al. 2004) .  FtsI (formerly PBP3- penicillin-binding 
protein 3) consists of a short cytoplasmic domain, a single membrane-spanning segment, and a 
large periplasmic domain that encodes a transpeptidase activity involved in synthesis of septal 
peptidoglycan required for cell division. Based on the requirement for the localization of both 
early and intermediate cell division proteins to the divisome for correct localization of FtsI 
(Weiss, Chen et al. 1999), FtsI was determined to be a late recruit to the division septum. It is 
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believed that the transmembrane domain of FtsI interacts with FtsW (Goehring and Beckwith 
2005).     
  FtsN, a bitopic protein, contains, a short N-terminal cytoplasmic segment fused to a 
large carboxyl periplasmic domain with a single transmembrane domain. FtsN is essential for 
cell division.  FtsN localizes via its periplasmic domain. FtsN localization requires FtsZ, FtsA 
and the functions of FtsI and FtsQ. The requirement for FtsN can be circumvented by the 
presence of suppressors that map to FtsA (Bernard, Sadasivam et al. 2007).  The FtsN gene was 
isolated as a multicopy suppressor of an ftsA temperature sensitive mutant (Wang, Khattar et al. 
1998). Overexpression of fstN has also been shown to suppress temperature sensitive phenotypes 
of ftsI, ftsK, and ftsQ although to a lesser extent than was found with suppression of a ftsA 
temperature sensitive mutant (Dai, Xu et al. 1993).   
FtsEX, a putative ABC transporter located in the inner membrane, is essential for growth 
and division only under both low-osmolarity and high osmotic strength; ftsEX deletion mutants 
require FtsP (formerly SulI) for viability and cell division. Additionally, overexpression ftsP can 
substitute for the lack of FtsEX suggesting their functions could be redundant (Schmidt, Peterson 
et al. 2004; Reddy 2007).  FtsEX is believed to follow FtsA recruitment to the Z ring. 
FtsP (formerly SulI) was found to be a multicopy suppressor both of ftsI (septal 
transpeptidase) and ftsEX (predicted ABC transporter) mutants (Kato, Nishimura et al. 1988; 
Schmidt, Peterson et al. 2004; Reddy 2007). A ftsP mutant shows filamentation which can be 
suppressed by the over expression of certain cell division proteins that stabilize the Z ring. All of 
these results taken together indicate role for FtsP in cell division (Samaluru, SaiSree et al. 2007).  
 Escherichia coli contains three amidases that are involved during cell division to split the 
murein septum: AmiA, AmiB and AmiC.  AmiAC cells form chains and are unable to cleave 
20 
 
the murein septum that is required to complete the separation of the daughter cells. GFP fusions 
were constructed to AmiA and AmiC.  The signal for GFP-AmiA was dispersed throughout the 
periplasm where as GFP-AmiC was also found in the periplasm but was more concentrated at the 
divisome. AmiC is recruited to the membrane via the N-terminus and requires FtsN for 
localization to the division septum (Heidrich, Templin et al. 2001) (Bernhardt and Boer 2003).  
In BC202, both AmiA and AmiC were found mainly in the cytoplasm (Sikdar and Doerrler 
2009). Additionally, AmiC failed to localize to the division septum suggesting a defective twin 
arginine pathway (TAT). Overexpression of the TatABC operon or amidases relieves the cell 
division defects found in BC202. Amidases are believed to function in cell division by separating 
daughter cells by aiding in the split of the septal murein (Heidrich, Templin et al. 2001; Höltje 
and Heidrich 2001; Heidrich, Ursinus et al. 2002; Sikdar and Doerrler 2009). As cell division 
concludes, most of the cell division proteins are gradually displaced from the divisome. The 
sister cells are then separated by cell wall autolysis giving rise to two separate, yet identical, 
cells.   
1.7 Membrane Proteins – What Is Known? 
 Integral membrane proteins account for approximately 20-30% of all open reading 
frames in sequenced genomes (Krogh A 2001). Membrane proteins are essential for cellular 
functions such as maintaining membrane integrity, solute transport, membrane and protein 
biogenesis, energy production, and cell-cell communication to name a few functions. More than 
60% of all drug targets are membrane proteins, making them prime therapeutic targets. 
Membrane proteins are difficult to study and they account for less than 1% of the known high-
resolution protein structures resulting in a large number of predicted membrane proteins for 
which a function as yet to be determined  (Daley, Rapp et al. 2005). Integral inner membrane 
21 
 
proteins are composed of hydrophobic α-helical transmembrane domains in which the 
predominantly hydrophobic amino acid chain directly interacts with the lipid bilayer which 
allows the hydrogen bonds of the polypeptide backbone to be satisfied within the α-helical 
backbone.  Alternatively,  outer membrane proteins of Gram-negative bacteria and mitochondria 
usually have a β-barrel structure in which  hydrogen bonding is satisfied between polypeptide 
backbones that are arranged in an antiparallel β- sheet which results in the hydrophilic side 
chains facing an aqueous interior pore and  the hydrophobic amino acids facing a  hydrophobic 
exterior of the barrel (Dowhan W 2009).  Outer membrane, β-barrel  proteins comprise roughly 
2% of the proteome (Zhai 2002; Garrow, Agnew et al. 2005). Bernsel and Daley compiled 
previous proteomic analyses on the inner (or cytoplasmic) membrane of Escherichia coli and 
determined that 426 polytopic membrane (approximately 54% of the predicted polytopic 
proteome) and  254 bitopic membrane proteins (approximately 73% of the predicted bitopic 
proteome) have been detected in experimental studies which leaves  359 polytopic membrane 
proteins (approximately 46% of the predicted polytopic proteome) and 94 bitopic membrane 
proteins (approximately 27% of the predicted bitopic proteome) that have not been detected 
experimentally. The reason that some inner membrane proteins are detected experimentally 
(some on more than one occasion) while other inner membrane proteins have not been detected 
remains a mystery (Bernsel and Daley 2009).  
 Integral inner membrane proteins contain one or more transmembrane α-helices. Bitopic 
membrane proteins contain only one transmembrane α-helix that spans the membrane. Polytopic 
membrane proteins contain more than one transmembrane α-helices that can span the membrane 
in different ways that are dependent on the number of transmembrane segments the protein 
contains (Xie and Dalbey 2008).  E. coli contains three translocases that insert proteins into the 
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inner membrane in such a way that the proteins are able to obtain their correct conformation. The 
most commonly used translocase to insert proteins into the inner membrane is the Sec 
translocase, however the Sec translocase is incapable of inserting or translocating folded proteins 
into or across membranes. The Tat (twin-arginine translocation) machinery is capable of 
translocating and inserting folded proteins into and across the inner membrane (Hatzixanthis, 
Palmer et al. 2003). The insertase YidC is capable of inserting integral inner membrane proteins 
independently of the Sec translocase (Xie and Dalbey 2008; Jijun Yuan 2010).  
 Upon emerging from the ribosome, SRP (signal recognition particle), which consists of 
Ffh and 4.5SRNA, binds to hydrophobic sequences of the nascent polypeptide. SRP–nascent 
membrane protein complex is targeted to the Sec translocase in the membrane by interactions 
between SRP and FtsY, the SRP receptor (Luirink 2003).Once inserted into the Sec translocon, 
YidC is believed to be involved in laterally integrating membrane proteins into the lipid bilayer, 
possibly by removing the hydrophobic region of the membrane protein from the Sec translocon 
and allowing it to assemble into the membrane (Luirink 2003). YidC is essential for membrane 
protein insertion of particular Sec-dependent proteins and for membrane insertion of Sec-
independent proteins (Kiefer, Kuhn et al. 2007). Additionally, SRP has been shown to target Sec-
independent proteins to YidC (Facey, Neugebauer et al. 2007), however some Sec-independent 
proteins are targeted to the membrane independently of SRP (Gallusser A 1990; Xie and Dalbey 
2008).  The Tat machinery inserts several proteins into the inner membrane, however the general 
role for the Tat machinery is to transport folded proteins across the inner membrane 
(Hatzixanthis, Palmer et al. 2003). 
1.8 Outer Membrane Vesicles 
Outer membrane vesicles are closed blebs that are produced by growing cells that are not 
a result of cell lysis, death, or membrane instability. The mechanism behind outer membrane 
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vesicle formation remains unclear. Outer membrane vesicles are composed of outer membrane 
proteins, periplasmic components, phospholipids and lipopolysaccharides (Fig. 1.6), DNA  and 
virulence factors (Renelli, Matias et al. 2004; Mashburn LM 2005). Outer membrane vesicles 
have been identified in bacteria in biofilm communities, in liquid and solid media, as well as 
bacteria growing planktonically (Beveridge 1999). The formation of outer membrane vesicles 
has been observed in vivo using electron microscopy. 
 
Figure 1.6. Model for OMV biogenesis. Outer membrane vesicles are composed of outer 
membrane proteins, periplasmic components, phospholipids and lipopolysaccharides. Proteins 
and lipids from the inner membrane and cytosol are not packaged into outer membrane vesicles. 
(LPS) Lipopolysaccharide; (Pp) periplasm; (OM) outer membrane; (PG) peptidoglycan; (IM) 
inner membrane; (Cyt) cytosol. Reprint with permission from Cold Spring Harbor Laboratory 
Press (Kuehn MJ 2005).  
These vesicles play roles in protein and DNA transfer for interspecies communication, 
virulence factors targeted to eukaryotic cells, and to inhibit phagosome–lysosome fusion during 
macrophage infection, to name a few roles (Kuehn MJ 2005; Mashburn LM 2005; Mashburn-
Warren and Whiteley 2006). Some bacteria secrete antimicrobial agents that kill other bacteria as 
a means of competition. Outer membrane vesicles from Pseudomonas aeruginosa are able to 
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bind both Gram- positive and Gram negative bacteria. Psuedomonas aeruginosa packages and 
secretes murein hydrolase, pseudomonas quinolone signal-PQS, and an  additional array of 
antimicrobic agents. The membrane vesicle fuses to the outer surface of Gram-positive and 
Gram-negative cells where the antimicrobial agent are released into the cells degrading the  
peptidoglycan which results in cell lysis. Outer membrane vesicles that contain antimicrobial 
activity are referred to as predatory membrane vesicles (Beveridge TJ 1997).  
Outer membrane vesicles from some bacteria have been isolated that contained DNA 
(Kahn ME 1983; Dorward, Garon et al. 1989; Renelli, Matias et al. 2004). Outer membrane 
vesicles from E. coli O157:H7 were shown to contain DNA and Shiga toxin. The DNA and 
Shiga toxin were protected by Dnase and proteinase K treatment indicating that both the DNA 
and Shiga toxins were contained within the outer membrane vesicles.  These vesicles are 
believed to function in the export and transport of DNA from E. coli O157:H7.  Additionally, 
DNA associated with vesicles are believed to involved in the transformation of genes from one 
strain to another (Kahn ME 1983; Kolling and Matthews 1999).   
The construction of mutants that over-produce or under-produce outer membrane vesicles 
were determined to involve genes in peptidoglycan synthesis, outer membrane protein expression 
and the σ
E
 stress response. Characterization of such mutant led to the conclusion that outer 
membrane vesicle formation is not a result of cell lysis or membrane instability (McBroom, 
Johnson et al. 2006).  Vesicle production has been shown to be directly correlated to the stress 
state of the cell envelope. Under low stress there is a decrease in vesicle production and high 
stress, which involves misfolding or overexpression of Omps, leads to an increase in vesicle 
formation.  This increase in vesicle formation increases bacterial survival under stress leading 
researches to propose vesicle production as an envelope stress response (McBroom and Kuehn 
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2007). Outer membrane vesicles play important roles such as toxin trafficking, increasing 
bacterial survival, and transformation of DNA. These roles along with the fact that every Gram-
negative organism that has been tested produces membrane vesicles suggest an essential role for 
outer membrane formation in bacteria. 
1.9 Ludox Density Gradient 
Ludox is a colloidal silica that forms a spontaneous density gradient under moderate 
centrifugation (Poole 1977). Ludox and Percoll, PVP coated silica that is similar to Ludox, have 
been used for decades as an effective screening method with many applications ranging from 
studying bacterial cell cycle, isolation of nuclei, isolation of sec (secretion) mutants, separation 
of human blood cells, and isolation of mutants with defects in lipid export to name a few 
applications  (Hautala, Conner et al. 1977; Poole 1977; Lutz HU 1992; Makinoshima, Nishimura 
et al. 2002).   
The most notable use of Ludox was in the field of yeast genetics.  A temperature 
sensitive Saccharomyces cerevisiae mutant that was defective for secretion and cell surface  
growth was altered in cell density at the nonpermissive temperature. Based on the dense nature 
of this mutant, researchers mutagenized cells and utilized Ludox density gradient as a means for 
screening dense mutants. Colonies corresponding to dense cells were screened for temperature 
sensitivity and an accumulation of invertase at the non-permissive temperature. This screening 
method led to the isolation of the secretion (Sec) mutants that were defective at various steps of 
protein secretion by a eukaryotic cell.  the yeast protein secretory pathway (Novick, Field et al. 




 WD2, an msbA temperature sensitive mutant, accumulates newly synthesized LPS and 
phospholipids in the inner membrane and thus migrates at a denser fraction than wild-type E. coli 
on a Ludox density gradient (Doerrler 2007). To isolate additional temperature sensitive mutants 
with defect in lipid export, wild-type E. coli cells were chemically mutagenized and layered on a 
preformed Ludox density gradient. The majority of mutagenized cells migrated at a density 
similar to wild-type cells.  Viable cells were removed from the Ludox gradient that corresponded 
to the density of WD2 (Fig. 1.7). 
 
 Figure 1.7. Ludox enrichment of msbA mutants. Mutant WD2 and parent E. coli 
W3110A cells were grown and analyzed using a Ludox density gradient as described in the text. 
(A) Photograph of the centrifuge tubes following centrifugation. Arrows show the area where 
most cells are found. (B) Light scattering of each fraction was measured by recording the A600 
of individual diluted samples. Fractions from an identical blank gradient were used to subtract 
background absorbance. Black circles refer to A600 of fractions from gradient containing 
W3110A cells, and squares refer to WD2. O.D 600, optical density at 600 nm. (C) Equal 
volumes of pooled fractions 1, 2, and 3 (arrows in panel B) from W3110A (left plate) or WD2 
(right plate) tubes were plated to assess relative CFU levels recovered from the gradient and to 
demonstrate cell viability. Plates were incubated at 30°C overnight. This figure was reproduced 
with permission from the American Society for Microbiology (Doerrler 2007).  
Cells were plated on LB containing SDS to remove deep rough mutants that were also enriched 
during the screening process.  The reason for the enrichment of deep rough mutants is unknown. 
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Temperature sensitive mutants were isolated by replica plating at 30°and 42°C. This screening 
technique led to the isolation of new msbA mutants as well as htrB mutants. HtrB is a late 
acyltransferase involved in lipid A biosynthesis and msbA was first identified as a multicopy 
suppressor of an htrB null mutant. The htrB mutants were not further characterized. Lipid 
analysis of one of the msbA mutants (Lud002) showed an accumulation of LPS and 
phospholipids in the inner membrane similarly to WD2. These results suggest the use of Ludox 
as a valuable genetic tool for isolating mutants defective in lipid mutants (Doerrler 2007). 
 The use of Ludox density gradient for screening of mutants with lipid defects also  
resulted in the isolation of a temperature sensitive mutant called Lud135.  The chromosomal    
copy of yghB from Lud135 contains a missense mutation (G203D) and yqjA contains a nonsense  
mutation (W92TGA). Both mutations are required for the temperature sensitivity of Lud135. The  













TEMPERATURE SENSITIVITY AND CELL DIVISION DEFECTS IN AN  ESCHERICHIA 
COLI STRAIN WITH MUTATIONS IN  yghB and yqjA, ENCODING RELATED AND 





 The envelope of Escherichia coli is a remarkable structure consisting of two membranes, 
an inner membrane (IM) and an outer membrane (OM), separated by the periplasmic space. The 
OM is an asymmetric lipid bilayer containing lipopolysaccharide (LPS) in the outer leaflet and 
phospholipids in the inner leaflet. The lipids of the OM are synthesized in the cytoplasm by use 
of cytoplasmically oriented enzymes and substrates and exported across the IM in an MsbA-
dependent manner (Doerrler, Reedy et al. 2001; Doerrler, Gibbons et al. 2004). An msbA 
temperature-sensitive mutant (WD2) with the mutation A270T was isolated and accumulates 
newly synthesized LPS and phospholipids at the inner leaflet of the IM after a short growth at the 
nonpermissive temperature (Doerrler, Reedy et al. 2001; Doerrler, Gibbons et al. 2004). 
Following growth at the nonpermissive temperature, WD2 was found to migrate anomalously on 
density gradients of Ludox (Doerrler 2007), a colloidal silica that spontaneously forms gradients 
during moderate centrifugation (Poole 1977). Using such a  gradient with a population of 
chemically mutagenized E. coli, it was possible to enrich for a collection of temperature-
sensitive mutants, many of which contained mutations in the msbA gene and were complemented 
at the nonpermissive temperature by a plasmid copy of the msbA (Doerrler 2007).  
 In this report, we characterize an unexpected mutant isolated in the same enrichment 
protocol. This mutant, Lud135, is temperature sensitive for growth and is complemented at 42°C 
                                                          
*
 Reprint permission granted by the American Society for Microbiology.  
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with a plasmid copy of yghB or yqjA. Lud135 is a double mutant harboring mutations in yghB 
and yqjA resulting in a synthetic growth defect at elevated temperatures. An engineered double- 
 deletion strain was constructed and is phenotypically similar to Lud135. YghB and YqjA are 
predicted IM proteins of 219 and 220 amino acids, respectively, with 61% amino acid 
identity to the highly conserved and widely distributed dedA family, for which no function has 
been reported. yghB and yqjA are nonessential genes and both individual null mutant strains 
grow normally at all temperatures. The double mutant displays a striking phenotype in that it 
forms chains of cells under permissive growth conditions, indicating a defect in septation 
or constriction. In this respect, the mutant resembles a number of strains reported to have 
septation defects due to mutations affecting envelope maintenance such as envA, envC, or twin 
arginine pathway genes (Normark 1969; Normark 1971; Rodolakis A 1973; Michel, Di Savino et 
al. 1977; Rothman JE. 1977 ; Stanley, Findlay et al. 2001). Unlike these mutants, the mutant 
reported here is not hypersensitive to detergents or antibiotics, indicating the presence of an 
intact OM.  
 Genes predicted to encode proteins with significant amino acid identity to E. coli DedA 
are present in most bacterial genomes so far sequenced (often multiple times). They are 
generally not found in eukaryotes, with the exception of certain unicellular algae (see 
Discussion). In all cases, no function has been described for any member of this family. We 
show here that YqjA and YghB carry out essential but redundant functions required for 
completion of cell division in E. coli, possibly due to an effect on membrane phospholipid 
composition. This work establishes for the first time a critical function for the conserved DedA 




2.2 Materials and Methods 
 Materials. Tryptone and yeast extract were from Difco. Radioisotopes were purchased 
from Perkin Elmer. Restriction enzymes were purchased from New England Biolabs. 
Polyvinylpyrrolidone and Ludox were purchased from Sigma-Aldrich. All other chemicals were 
reagent grade and purchased from either Sigma-Aldrich or VWR. The antibiotics tetracycline 
(Tet; 12.5 µg/ml), ampicillin (100 µg/ml), kanamycin (30 µg/ml), and chloramphenicol (30 
µg/ml) were added to LB growth medium as necessary. 
 Ludox density gradients. Ludox HS-40 is colloidal silica that forms a density gradient 
spontaneously upon exposure to moderate ultracentrifugation. Ludox density gradient solutions 
were made as described previously (Doerrler 2007), and gradient formation was carried out by 
centrifugation at 50,000 Χ g for 1 h at 4°C. Nitrosoguanidine mutagenesis was carried out as 
described previously (Doerrler, Reedy et al. 2001). W3110A, WD2, and mutagenized W3110A 
were grown to an optical density (OD) of approximately 0.5 to 1.0 at 30°C in a volume of 25 ml 
of LB, and the entire culture was then diluted into 75 ml of LB prewarmed to 44°C. Growth was 
continued for 30 min at this temperature and cultures were harvested. Cell pellets (~3 Χ10
10
 ells) 
were washed two times in ice-cold phosphate-buffered saline (PBS) and then resuspended in 0.2 
ml of PBS and layered on top of the preformed Ludox gradients. Gradients were centrifuged at 
50,000 Χ g for 1 hour at 4°C in an SW41 rotor to separate cells by density. Twelve fractions of 
0.6 ml were collected by inserting an 18-gauge needle into the side of the ultracentrifuge tube 
approximately 2 cm from the bottom. LB (0.6 ml) was added immediately to each fraction and 
an OD at 600 nm (OD600) was measured for each fraction. Fractions containing cells that 
migrated to a similar density as WD2 from each gradient were pooled, diluted to 25 ml with LB-
20% glycerol, and stored at -80°C (Doerrler 2007). 
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 Isolation and analysis of temperature-sensitive mutants. Ludox-enriched dense 
mutants were plated on LB containing Tet and 0.1% sodium dodecyl sulfate (SDS). The SDS 
was included to remove mutants containing truncated LPS (“deep rough”), which were isolated 
at high frequency using this method (Doerrler 2007). Surviving colonies were replica plated at 
30°C and 42°C and temperature sensitive colonies were isolated and purified. Competent cells 
were made by the method of Inoue et al. (Inoue, Nojima et al. 1990), and colonies were 
transformed with an E. coli genomic library made in pACYC184 (Doerrler and Raetz 2005). 
Transformants were selected for chloramphenicol resistance and growth at 42°C. Plasmid DNA 
was isolated from surviving clones and subjected to DNA sequencing using primers flanking the 
pACYC184 BamHI site (Doerrler and Raetz 2005). Several plasmids isolated in this manner 
from Lud135 contained inserts that included the gene yghB. The yghB gene was amplified from 
Lud135, cloned into plasmid pSC-B by use of the StrataClone  blunt PCR cloning kit 
(Stratagene) according to the manufacturer’s instructions, and sequenced. Since E. coli has 
several homologues of yghB (Blattner 1997)), we also sequenced yabI, dedA, yohD, and yqjA 
from Lud135 in a similar manner. 
 Construction of plasmid DNA. E. coli yghB, yqjA, dedA, yabI, and yohD were amplified 
from genomic DNA by use of primers (Table 2.1) in a PCR (0.1 ml) containing 2 U Vent 
polymerase (New England Biolabs), 200 µM deoxynucleoside triphosphates, 200 ng genomic 
DNA, and 1Χ ThermoPol reaction buffer. The reaction conditions were as follows: 94°C 
(denaturing) for 2 min followed by 25 cycles of 94°C for 45 seconds, 55°C (annealing) for 45 
seconds, and 72°C (extension) for 1 minute. PCR products were gel purified and digested with 
NdeI-HindIII or NheI-HindIII and cloned into similarly digested and dephosphorylated vector 
pET23a. Vectors p-yghB, p-yqjA, p-yabI, and p-yohD were generated by cloning the respective  
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Table 2.1 PCR primers used in this study 
 
a
Underlining for each primer sequence indicates the site for the restriction endonuclease (given 
in parentheses) for that sequence. 
XbaI-HindIII fragments from pET23 into similarly digested and dephosphorylated pACYC184 
(Table 2.2). dedA was cloned in frame with its native ribosomal binding site directly into 
pACYC184, generating vector p-dedA. Ligation reactions were used to transform competent 
NovaBlue cells (EMD Biosciences) that were then selected for appropriate antibiotic resistance. 
The Qiagen Miniprep kit was used to prepare plasmid DNA. Genomic DNA was prepared using 
the Easy-DNA kit from Invitrogen. DNA sequencing was carried out at the LSU College of 
Basic Science Genomics Facility. 
 Targeted deletion of yqjA and isolation of strain BC201/BC202. Replacement of 
YqjA with the Tet resistance (Tet
r
) gene from TN10 was carried out using λ-RED mediated 
recombination. The Tet
r
 gene was amplified from W3110A genomic DNA by use of forward 
primer 5´-ATGGAACTTTTGACCCAATTGCTGCAAGCCCTGTG 
GGCGCAGGATTTTGACAAGAGGGTCATTATATTTCG-3´ and reverse primer 
5´-CTTACCCCCGATTTCCATATTTCTTTTTCCATAACACGACCAGAGAACC 
TACTCGACATCTTGGTTACCG-3´. The gel-purified DNA was used to transform strain 
DY330 by electroporation (Yu, Ellis et al. 2000; Sawitzke, Thomason et al. 2007). Following a  
2-hour outgrowth in LB medium at 30°C, Tet
r
 colonies were isolated following an overnight 
incubation at 30°C. Disruption of the yqjA gene was confirmed for one of these colonies by using  
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Table 2.2 Bacterial strains and plasmids 
 
a
 Ampr, ampicillin resistance; Camr, chloramphenicol resistance. 
 
PCR amplification with primers designed to flank the yqjA gene. This strategy results in the 
insertion of the Tet
r
 gene and the deletion of all but the first and last 50 bp of the yqjA gene. A 
P1vir lysate was prepared from DY330 (ΔyqjA::Tetr) and used to transduce JW2976 (Table 2.2) 
to Tet
r




 mutations, is referred to here as 
BC201. BC202 contains the same mutations in the W3110 genetic background (Table 2.2). Both 
strains were used in these experiments and were essentially interchangeable. BC203 and BC204 
contain the individual ΔyqjA::Tetr and ΔyghB::Kan
r
 mutations, respectively, in the W3110 
background (Table 2.2). 
 Phospholipid analysis. W3110A, Lud135, and BC202 were grown at 30°C to 
OD600s of ~1.0. Cells were diluted 1:3 into fresh LB medium prewarmed to either 30 or 44°C 
and grown in a shaking water bath/incubator for 30 min. 
32
Pi was added to a concentration of 10 
µCi/ml and growth was continued for 10 min. The cells were placed in an ice-water bath to cool 
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and final cell density was measured; cell density varied between 0.4 and 0.6. Out of concerns 
that the mutant cells may be prone to lyse during routine washing and centrifugation, 
phospholipids were extracted directly from the cell culture without washing. Volumes utilized 
were corrected for final cell density. Chloroform and methanol were added to cells to a final 
concentration for chloroform:methanol:water of 1:2:0.8. For acidic extraction, methanol 
containing 0.1 N HCl was used instead of methanol (Nishijima and Raetz 1979). The extraction 
mixture was allowed to incubate for 1 h at room temperature with occasional mixing. Insoluble 
material including LPS was removed by centrifugation for 10 min at 20,000 Χ g. The 
supernatant was transferred to a new tube and chloroform and water were added to adjust the 
ratio of chloroform:methanol:water to 1:1:0.8, resulting in a two-phase mixture. The aqueous 
upper phase was discarded and the lower phase was washed twice with fresh pre-equilibrated 
upper phase. Lipid species were resolved by thin-layer chromatography (TLC) on silica gel 60 
plates (Merck) by use of the solvent chloroform:methanol:acetic acid (65:25:10) and analyzed 
using a Phosphorimager equipped with IQMac software. 
 Lipid A analysis. To analyze lipid A, the insoluble material from the phospholipid 
extraction was dissolved in 0.4 ml 12.5 mM Na acetate, pH 4.5, 1% SDS, heated for 30 min at 
95°C to release lipid A from the LPS core sugars, and then extracted by the addition of 1 ml 
chloroform:methanol (1:1) to yield a two-phase solution. The aqueous upper phase was 
discarded and the lower phase was washed with fresh preequilibrated upper phase. Lipid species 
were resolved by TLC on silica gel 60 plates (Merck) by use of the solvent chloroform:pyridine: 




 Determination of PE topology. The topology of newly synthesized 
phosphatidylethanolamine (PE) was examined in Lud135 by use of 2,4,6-trinitrobenzene 
sulfonic acid (TNBS), an amine-reactive dye that is impermeable to the plasma membrane 
(Doerrler, Gibbons et al. 2004). Bacterial strains were grown 44°C for 30 minutes and then 
labeled for 10 minutes with 
32
Pi. Cells were harvested and washed twice with ice-cold PBS, and 
the cell pellet was resuspended in 50 mM NaHCO3, pH 8.5, containing 100 mM NaCl. TNBS 
was added to a final concentration of 3 mM and incubation was continued on ice for up to 90 
min. The reaction was stopped by the  addition of bovine serum albumin (final concentration, 
0.25%) and trichloroacetic acid (final concentration, 5%). Phospholipids were extracted using 
chloroform:methanol:H2O (1:2:0.8) and insoluble material was removed by centrifugation for 10 
min at 20,000 Χ g in a microcentrifuge. The supernatant was converted to a two-phase solution 
by the addition of chloroform and water to give a chloroform:methanol:H2O ratio of 2:2:1.8. The 
lower phase was washed with fresh preequilibrated upper phase and dried. Lipid species were 
resolved by TLC with the solvent chloroform:methanol:H2O (65:25:4) and analyzed using a 
Phosphorimager equipped with IQMac software. 
 β-Galactosidase activity of culture supernatants. Strains were grown with 
shaking at 30°C until late log phase in LB–Tet–1 mM isopropyl-β-D-thiogalactopyranoside 
(IPTG) and then diluted 1:25 in LB-Tet-1 mM IPTG prewarmed to 44°C, at which time 
incubation was continued for 180 min. Cells were removed by twice centrifuging the culture 
medium at 4,000 Χ g in a centrifuge for 10 minutes, removing the supernatant after each 
centrifugation, and filtering the supernatant through a 0.45-µm syringe filter. β-Galactosidase 
assays were performed on 0.025 ml (media from mutants grown at 44°C) or 0.1 ml of cell-free 
medium according to the method of Miller (Miller 1972). Cultures grown at 30°C and the 
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parent strain grown at 44°C had low but reproducibly detectable levels of  β-galactosidase 
present in the culture supernatant. 
 Differential interference contrast microscopy. Cells were grown in LB medium 
to mid-log growth phase and visualized using a Nikon Microphot-FXA microscope. 
Digital images were captured with a SPOT RT slider charge-coupled-device camera 
and manipulated with Adobe Photoshop CS software. 
 Electron microscopy. Cells were fixed in 2% glutaraldehyde and 1% formaldehyde 
in half-strength growth medium for 10 min and collected on a 0.22-µmpore polycarbonate filter. 
Filtered sample was fixed in 2% glutaraldehyde and 1% formaldehyde in 0.1 M cacodylate 
buffer at pH 7.0 for 50 min, rinsed four times in 0.1 M buffer plus 0.004 M glycine during a 1-h 
period, postfixed in 2% aqueous osmium tetroxide for 1 h, rinsed briefly in water, en bloc stained 
in 0.05% uranyl acetate for 1 h in the dark, and dehydrated through an ethanol series. For 
transmission electron microscopy (TEM), dehydrated sample was infiltrated in 1:1 ethanol:LR 
White resin for 1 h and then in 100% resin for 1 h and embedded in resin at 60°C overnight. 
Sections were cut with a DuPont Sorvall ultramicrotome, collected on a collodion-coated copper 
grid, stained in Reynolds lead stain, and imaged with a JEOL 100CX TEM. For scanning 
electron microscopy (SEM), dehydrated sample was critical point dried, mounted on an 
aluminum specimen stub with carbon tape, coated with 60:40 gold:palladium in an Edwards S-
150 sputter coater, and imaged with a Cambridge S-260 SEM. 
2.3 Results 
 Isolation of a novel temperature-sensitive mutant from a density-enriched 
population. Conditional msbA temperature sensitive mutant WD2 (Doerrler, Reedy et al. 2001) 
was observed to sediment faster than parent strain W3110A E. coli on gradients of Ludox 
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(Doerrler 2007). We used this observation to devise an enrichment protocol for temperature-
sensitive mutants with membrane assembly defects. Several new msbA and htrB mutants with 
temperature sensitive growth defects were isolated from a randomly mutagenized population of 
E. coli (Doerrler 2007).  
 The growth of one mutant isolated from this screen that was not complemented at 42°C 
by expression of either msbA or htrB was named Lud135 and characterized further. Screening an 
E. coli genomic library (Doerrler and Raetz 2005) for genes that could restore growth to Lud135 
at 42°C resulted in the isolation of several plasmids containing the gene yghB and one containing 
yabI. These genes are predicted to encode proteins with sequence identity (24 to 61%) with 
members of the dedA family encoding IM proteins that include yabI, yghB, dedA, yohD, and 
yqjA in E. coli (Fig. 2.1). These five genes were amplified and sequenced from Lud135 
chromosomal DNA, and while yohD, yabI, and dedA contained no mutations, yghB contained a 
missense mutation resulting in the amino acid change G203D (GGC to GAC), and yqjA harbored 
a nonsense mutation in codon 92 resulting in a change from a tryptophan codon to a stop codon 
(TGG to TGA) (Fig. 2.1A and B). YghB and YqjA are predicted polytopic IM proteins that 
exhibit 61% amino acid identity to each other over the entire length of the proteins (Fig. 1A). 
Prediction programs and experimental assignment of the C terminus to the cytoplasm (Daley, 
Rapp et al. 2005) suggest that both proteins likely have six membrane-spanning domains with a 
periplasmic loop between transmembrane helices three and four (Fig. 2.1B). However, other 
topologies are possible and this topology will need to be experimentally verified. 
 E. coli yghB and yqjA were amplified from parent strain W3110A genomic DNA and 
cloned into low-copy-number vector pACYC184 (6) to give vectors p-yghB and p-yqjA, 
respectively (Table 2.2). Lud135 was transformed with pACYC184, p-yghB, and p-yqjA, and  
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Figure 2.1. The E. coli DedA family of related predicted IM proteins. (A) Amino acid alignment 
between YqjA and YghB. W92 and G203, the sites of mutations in Lud135 in YqjA and YghB, 
respectively, are shown in bold. (B) Predicted IM topology of E. coli YghB and YqjA according 
to the Polyphonies prediction program (Käll, Krogh et al. 2004) and experimental assignment of 
the C terminus to the cytoplasm (Daley, Rapp et al. 2005). Both proteins are predicted to have 
six membrane spans and the indicated topology. Note that not all programs predict the same 
topology and alternate models are possible. The locations of the missense mutation in YghB 
(G203D) and the nonsense mutation in YqjA (W92TGA) in Lud135 are shown. (C) Percents 
identity and similarity between each DedA family member found in E. coli (Tatusova TA. 1999). 
All members display significant protein BLAST scores to each other (E values, <10
-4
), but there 
are no clearly conserved domains when all five proteins are aligned (not shown). YqjA and 
DedA display some similarity to YdjZ and YdjX, respectively (with 25 and 22% identity). 
However, other DedA family members are not significantly similar to YdjZ and YdjX, and so 
they are not included in this analysis for simplicity. (D) Phylogenetic tree showing evolutionary 
relationships between the E. coli proteins with similarity to DedA. The more distantly related 
YdjX and YdjZ were included for comparison. The analysis was performed using ClustalX 






growth of these strains was monitored in liquid culture following a temperature shift to 44°C 
(Fig.2.2A).  Lud135/pACYC184 grows for approximately 1.5 h at the elevated temperature 
and begins to lose viability, as determined by measurement of culture density. Lud135/p-yghB 
and Lud135/p-yqjA showed no such growth defect. yabI, yohD, and dedA were also cloned and 
expressed in Lud135 and growth was monitored on agar plates. Growth of Lud135 at 42°C is 
complemented by expression of yghB and yqjA, as expected, and also by yabI and yohD but not 
dedA, indicating some functional overlap between these family members (Fig. 2.2B). 
 The identification of mutations in both genes suggests that the growth defect of Lud135 
may be due to either of these mutations alone or both mutations exhibiting a synthetic phenotype. 
yghB is located near minute 67.9 of the E. coli chromosome and yqjA is located near minute 70 
(4), which is not close enough for cotransduction of these alleles by P1 phage (Miller 1972). P1 
transduction of an antibiotic resistance marker adjacent to yghB (metC::Kanr) or yqjA 
(exuR::Kanr) (Table 2.2) into Lud135 (to independently correct one or the other mutation) results 
each time in a strain that is not temperature sensitive for growth (data not shown). Individual 
deletion mutants of each of these genes have been made as part of the Keio collection (Baba, Ara 
et al. 2006), and both strains grow normally at all temperatures in our hands (Table 2.2 and data 
not shown). yghB could be deleted from Lud135 (which contains the yqjA nonsense mutation), 
and the resulting strain displays the same growth phenotype as Lud135 (data not shown), 
indicating that the yghB missense mutation is phenotypically indiscernible from the null mutation 
in the ΔyqjA null background. 
 To confirm that the effects seen in Lud135 are not due to other unlinked mutations in this 
mutagenized background, targeted deletion of YqjA (ΔyqjA::Tetr) was made in strain JW2976 




Figure 2.2. Lud135, a temperature-sensitive yghB yqjA mutant. (A) Lud135 transformed with 
vector pACYC184 (Lud135+, black circles), p-yghB(Lud135+, black diamonds), or p-yqjA 
(Lud135+, white circles) was grown at 30°C to an OD600 of ~1.0 in LB-chloramphenicol and 
then diluted 10-fold into prewarmed medium (44°C); growth was subsequently monitored at 15-
min intervals. Cultures were diluted 10-fold into fresh prewarmed medium when the culture 
density reached an OD600 of 0.3 to 0.4 to maintain logarithmic growth. Cumulative growth was 
calculated by correcting for dilution. (B) Growth of Lud135/pACYC184 (labeled “-”), 
Lud135/p-yqjA, Lud135/p-yghB, Lud135/p-dedA, Lud135/p-yohD, and Lud135/p-yabI on LB-
chloramphenicol agar plates at 30 and 42°C. 
mutations were also introduced into the W3110 background for better comparison with Lud135 
(BC202) (Table 2.2). BC202 also displays a temperature-sensitive growth phenotype when 
grown on LB agar plates (Fig. 2.3A). In contrast to Lud135, which stops growing after  
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Figure. 2.3. BC202, an engineered yghB yqjA double-deletion strain. (A) Growth of BC202 
(ΔyghB::Kan
r
 ΔyqjA::Tetr) on LB agar plates at 30 and42°C. (B) Growth of W3110 and BC202 
in liquid medium at 44°C. Cell growth was monitored as described in the legend to Fig. 2.2. (C) 
Lud135 and BC202 undergo lysis during growth at 44°C. W3110A, Lud135, and BC202 were 
grown in LB-Tet medium containing 1 mM IPTG at 30°C to OD600s of 0.80, 0.91, and 0.76, 
respectively. One milliliter of each culture was added to 25 ml of LB-Tet-IPTG prewarmed to 
44°C and cultures were grown with shaking for 3 hours at this temperature. Final OD600s of the 
44°C-grown cultures were 1.33, 0.31, and 0.36, respectively. Cell-free medium was recovered by 
centrifuging the cultures and filtering supernatants through a 0.45-µm filter. β-Galactosidase 
activity in the medium was assayed as described previously (Miller 1972). Values represent the 







approximately 90 min at 42°C in liquid culture (Fig. 2.2A), BC202 grows for nearly 3 hours 
before growth arrest (Fig. 2.3B). The differences between Lud135 and BC202 in this respect are 
most likely due to the presence of additional unlinked mutations in Lud135, isolated from a 
chemically mutagenized population. These data confirm that the combination of mutations of 
yghB and yqjA results in a synthetic growth defect at elevated temperatures. YghB and YqjA 
therefore play redundant but essential roles in some aspect of cellular physiology required for 
growth at 42°C. 
 Both Lud135 and BC202 undergo lysis at 44°C (Fig. 2.3C). During growth at 44°C for 3 
hours, Lud135 and BC202 released approximately 40- and 60-fold more cytoplasm, respectively, 
than the parent strain, as measured by the presence of  β-galactosidase in the culture supernatant 
(cells were grown in the presence of 1 mM IPTG to induce the lac operon). β-Galactosidase 
activity was low but detectable in cell-free medium from cultures grown at 30°C or W3110A 
grown at 44°C for the same amount of time. 
 Lud135 and BC202 display the same temperature-sensitive growth phenotype when 
grown in M9 minimal medium (not shown). The mutants also grow at 37°C on plates and in 
liquid medium (not shown), although we define 30°C as the permissive growth condition in the 
experiments reported herein. 
 Restoration of growth of Lud135/BC201 with divalent cations and high 
concentrations of NaCl. The growth of Lud135 and BC201 on plates at 42°C is completely 








 (Table 2.3). 
The growth of Lud135/BC201 was also analyzed in the presence of different concentrations of 
sodium chloride, and a complex pattern, nearly identical for both strains, was revealed (Table 
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2.3). The mutants did not grow at 30°C on LB plates containing less than 100 mM or greater 
than 600 mM NaCl. 
Table 2.3. Visible colony formation of Lud135 and BC201 when 
grown on LB media containing different supplements 
 
a
 Calcium, magnesium, strontium, barium, sodium chloride, or sucrose was 
included in LB agar plates at the indicated concentrations. b Lud135 or BC201 (~500 CFU) was 
plated and incubated at 30 and 42°C overnight. Parent strain W3110A grew under all conditions 
(not shown). A plus sign (+) indicates clearly visible colony formation, a minus sign (-) indicates 
no visible colony formation, and minus/plus (-/+) indicates barely visible colony formation after 
the overnight incubation. 
c
 LB normally contains ~170 mM NaCl (10 g/liter). 
 
 The mutants were not sensitive to hypo-osmotic shock per se, in that they could survive 
for 1 hour as well as the parent strain a shift from 170 mM to 0 mM NaCl (data not shown). Very 
small colonies were visible following an overnight incubation at 42°C on LB plates containing 
300 to 500 mM NaCl (the normal concentration being 10 g/liter or approximately 170 mM 
NaCl). These colonies, while small, were viable in that they could be regrown under permissive 
conditions on normal LB plates. The inclusion of 400 mM sucrose in LB plates did not support 




  Analysis of phospholipid and lipid A synthesis by Lud135/ BC202. Since Lud135 was  
isolated using a technique that enriches for msbA mutants, it was of interest to investigate lipid 
topology, lipid biosynthesis, and lipid export to the OM. The topology of newly synthesized PE 
was determined using TNBS and was not grossly altered in Lud135/BC202 (data not 
shown),with the majority being internally oriented and not accessible to the dye (Doerrler, 
Gibbons et al. 2004). Additionally, it was found that Lud135/BC202 does not display the same 
lipid export defect seen for WD2 (W3110A, msbA2) (Doerrler, Reedy et al. 2001). No 
accumulation in the IM of lipid A or phospholipids is observed using sucrose gradients following 
growth at any temperature (data not shown). We analyzed the phospholipid composition in 





) and each single mutant BC203 (ΔyqjA::Tet
r
) and BC204 
(ΔyghB781::Kan
r
) (Table 2). Cells were grown at 30°C until late log phase, diluted threefold into 
fresh medium at 30°C or 44°C, grown for 30 minutes, and then labeled with 32Pi for 10 minutes. 
Lipids were extracted from equal cell numbers (volumes of cells adjusted according to final 
OD600) without prior washing due to concerns that material might be lost due to cell lysis of 
mutants during repeated centrifugation. At 30°C, phospholipids were synthesized at near-normal 
levels in the double mutants, but the composition of individual lipid species was altered (Fig. 
2.4A). In parent strain W3110A and BC204, PE comprised ~60% of total membrane 
phospholipids. In Lud135 and BC202, PE comprised ~50% of the total membrane phospholipids 
and there were elevated levels of acidic phospholipids phosphatidylglycerol (PG) and cardiolipin 
(CL). BC203(ΔyqjA::Tetr), interestingly, displayed a reproducible “intermediate” phenotype 
between double mutants and the parent strain in terms of percentage of acidic phospholipids at 
this growth temperature. At 44°C, W3110A and the single-deletion mutants synthesized similar 
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levels of PE, elevated levels of CL, and reduced levels of PG compared to the levels produced at 
30°C (Fig. 2.4B). Importantly, the ratios of PE to acidic phospholipids (CL plus PG) were similar  
 
Figure 2.4. Membrane phospholipid analysis of mutant Lud135, BC202, and single-deletion 
strains. W3110A, Lud135, BC202 (W3110; ΔyghB::Kanr ΔyqjA::Tetr), BC203 (W3110; 
ΔyqjA::Tetr), and BC204 (W3110; ΔyghB::Kanr) were grown at 30°C (A) and 44°C (B) for 30 
min and labeled with 
32
Pi for 10 minutes. Equal numbers of cells, based on final OD600, were 
extracted directly from growth media without washing (out of concerns that multiple rounds of 
centrifugation may cause cell lysis of the mutants), and phospholipids were resolved by TLC in 
the solvent chloroform:methanol:acetic acid at a 65:25:10 ratio. The small number on the lower 
left hand side of each spot gives the percent contribution of each lipid species to the total 
phospholipid composition for each strain. The value obtained by adding the signal strength for 
each lipid species from each strain and dividing by the value obtained for W3110A at each 
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temperature (arbitrarily set to 100) was defined as the total relative signal. This is a 
representative experiment, with the numbers corresponding to the data shown. Nearly 
identical data were obtained on four separate occasions. 
 
in these strains regardless of growth temperature. Phospholipid levels were severely reduced in 
Lud135/BC202 at 44°C, and both mutants synthesized a proportion of acidic phospholipids PG 
and CL even higher than that for PE. PE accounted for only ~40% of the total phospholipids 
synthesized under these growth conditions. Incorporation of 
32
Pi into phospholipids was 
decreased at 44°C, but this was probably a result of the loss of membrane potential at this 
temperature, since incorporation of 
32
Pi into nucleic acids was reduced by ~50% in the mutants 
under these growth conditions as well (data not shown). The structure and amounts of lipid A in 
the mutants at 30°C were unchanged from the parent strain, with the majority hexa-acylated 
glucosamine disaccharide with two or three phosphates (data not shown). 
 Similar results were obtained regardless of labeling protocol (steady-state labeling versus 
pulse-labeling) or extraction procedure (acidic versus neutral Bligh-Dyer extraction). Levels of 
incorporation of [
35
S]methionine into protein were similar in all strains at 30°C but were 
repressed following growth at 44°C (not shown). Lud135 and BC202 were not found to be any 
more sensitive than the parent strain at 30°C to any antibiotic (polymyxin, chloramphenicol, 
kanamycin, rifampin, neomycin, ampicillin, vancomycin) or detergent {SDS, deoxycholic acid, 
3-[(3-cholamidopropyl)-dimethyammonio]-1-propanesulfonate (CHAPS), Triton X-100 } tested 
(data not shown), suggesting a largely intact OM when the cells are grown under permissive 
conditions. All our dense Ludox mutants were screened for SDS resistance to remove deep rough 
mutants, which were frequently coisolated with dense mutants (see Materials and Methods). 
Lud135 was therefore not expected to be hypersensitive to this detergent. 
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 Lud135 and BC201 display defects in cell division. Examination of W3110A, Lud135, 
and BC201 grown at 30°C using differential interference contrast microscopy, TEM, and SEM is 
 
Figure 2.5. Differential interference contrast microscopy of Lud135/BC201. Cells were grown at 
30°C in liquid LB medium to mid-log phase and visualized using a Nikon Microphot-FXA 
phase-contrast microscope. (A) Parent strain W3110A. (B) Lud135/pACYC184. (C) Lud135/p-
yghB. (D) BC201. (E) Lud135/pACYC184 (close-up). (F) DAPI-stained Lud135/pACYC184 
illustrating nucleoid segregation. Lud135 cells grown briefly at 42°C display a similar phenotype 
(not shown). 
 
shown in Fig. 2.5 to 2.7. Lud135/pACYC184 displays a phenotype similar to what is observed 
for certain cell division mutants, especially those blocked at a late stage of cell division, such as  
the FtsK mutants (13). While the cells are generally not filamentous, they appear to begin but 
cannot complete constriction at the septal ring (Fig. 2.5B and E). Chains composed of six to nine 
cells are commonly observed, while shorter chains and individual cells are observed but less 
common. Expression of wild-type yghB from a plasmid (Fig. 2.5C) or inclusion of 10 mM Mg
2+
 




Figure 2.6. TEM of W3110A and BC201. W3110A (A) and BC201 (B) cells were grown at 
30°C in liquid LB medium to mid-log phase, treated as described in Materials and Methods, and 
imaged with a JEOL 100CX TEM. Both cells are visualized at the same stage of septation. 
Arrows point to regions where IMs and OMs can be distinguished. 
 
double-knockout strain BC201 displays a very similar phenotype to Lud135, with many chains 
apparent and occasional signs of filamentation (Fig. 2.5D). Nucleoid segregation is not affected 
in Lud135, as demonstrated by DAPI (4´,6´-diamidino- 2-phenylindole) staining (Fig. 2.5F). It is 
likely that YghB and YqjA play essential but redundant roles in cell division, possibly through 
an effect on membrane lipid composition. The single-deletion mutants BC203 and BC204 (Table 
2.2) appear normal in this analysis (data not shown). Lud135 and BC201 grown briefly at 44°C 
display a phenotype similar to that observed when the cells are grown at 30°C (data not shown). 
2.4 Discussion 
We have reported previously that Ludox density gradients were used to enrich for msbA and htrB 
mutants from a population of chemically mutagenized E. coli (Doerrler 2007). One intriguing 
mutant that did not fit this category (Lud135) is temperature sensitive due to two serendipitous 
mutations: a missense mutation in the gene yghB (G203D) and a nonsense mutation in yqjA 
(W92TGA). These genes encode proteins with high amino acid identity that are members of the 
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conserved and widely distributed dedA gene family. Plasmid copies of either gene restore growth 
at elevated temperatures to Lud135 (Fig.2.2A and B) and neither mutation alone is sufficient for 
the observed growth phenotype. A strain containing targeted deletions of yghB and yqjA 
 
Figure 2.7. SEM of W3110A, Lud135, and BC201. W3110A (A), Lud135 (B), and BC201 (C 
and D) cells were grown at 30°C in liquid LB medium to mid-log phase, treated as described in 
Materials and Methods, and imaged with a Cambridge S-260 SEM. Lud135/BC201 shows cell 
division defects, including the formation of chains of incompletely divided cells and signs of 
filamentation and membrane bulging (arrows). 
 
 (BC201/BC202) is phenotypically similar to Lud135 (Fig. 2.3). Millimolar concentrations of 
divalent cations restore growth to the mutant at 42°C (Table 2.3). Lud135/BC202 has an altered 
composition of membrane phospholipids with increased ratios of acidic (CL plus PG) to the 
zwitterionic phospholipids (PE) regardless of growth temperature (Fig.2.4). At the permissive 
temperature of 30°C, Lud135/BC201 is defective in the completion of cell division (Fig. 2.5 to 
2.7) but is not hypersensitive to antibiotics and detergents. The E. coli genome contains a number 
of dedA family members encoding proteins of ~20 to 60% amino acid identity that are all 
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annotated as being nonessential predicted IM proteins, including dedA, yghB, yqjA, yabI, and 
yohD (Fig. 2.1) (4). There is little reported on the function of DedA family members in 
the literature, and the functions of YghB or YqjA have never been addressed to our knowledge. 
The primary sequences of the E. coli DedA family offer few clues to their function. dedAs 
comprise a large gene family found widespread in eubacteria and some archaea but are not 
present in most sequenced eukaryotic genomes. The exception to these generalizations is the 
presence of dedAs in the genomes of eukaryotic green algae Ostreococcus tauri and 
Chlamydomonas reinhardtii (Derelle, Ferraz et al. 2006; Merchant, Prochnik et al. 2007) (E 
value for protein BLAST scores against E. coli YqjA, <1 Χ10
-10
) and their absence from certain 
prokaryotic hyperthermophiles, including the Thermotogae, Thermodesulfobacteria, and 
Aquificae lineages. The significance of the phylogenetic distribution of this gene family is not 
clear at this time, but the high level of evolutionary conservation speaks to their functional 
importance. Currently, there are more than 1,000 genes in the online database annotated as being 
dedA family members or possessing significant amino acid identity to E. coli DedA (E value for 
protein BLAST scores against E. coli YqjA, <0.02). Of course, it remains to be seen whether 
they function similarly in their respective organisms. Hints as to the function of this widely 
distributed gene family have come from high-throughput or DNA microarray studies. A DedA 
orthologue from Ralstonia metallidurans was shown to be required for resistance to selenium 
(Ledgham, Quest et al. 2005). Another DedA family member isolated from an environmental 
library has been shown to support the growth of E. coli on 4-hydroxybutyrate (Henne, Daniel et 
al. 1999). YqjA expression is regulated by σ
E
 in E. coli (Dartigalongue, Missiakas et al. 2001) 
and by PhoP in Salmonella enterica (Shi, Cromie et al. 2004). A DedA gene is required for 
resistance to cationic antimicrobial peptides in Neisseria meningitidis (Tzeng, Ambrose et al. 
53 
 
2005) and S. enterica (Shi, Cromie et al. 2004). The expression of E. coli YghB was significantly 
induced (11-fold) by the quorum-sensing molecule AI-2 in a DNA microarray study (DeLisa, 
Wu et al. 2001). These studies collectively suggest that DedA family members may function in 
envelope biogenesis and maintenance. It is possible that some aspect of lipid asymmetry or lipid 
domain formation is compromised in Lud135/BC201. The septal membrane is an example of a 
bacterial membrane microdomain and is enriched in CL (Mileykovskaya and Dowhan 2000; 
Matsumoto 2001; Mileykovskaya and Dowhan 2005). Perhaps YghB/YqjA in some way 
promotes lipid domain formation (a bacterial “caveolin”?) by assisting in the formation of CL-
enriched domains at the septum. It is also possible that YghB/YqjA serves a “scaffolding” 
function to recruit proteins to a membrane complex. Analysis of protein-protein interactions may 
provide clues to the function of these proteins. A recent large-scale analysis of the interaction 
network of roughly 20% of E. coli proteins by use of tandem affinity purification was largely 
biased toward essential proteins and did not include YghB or YqjA as “bait,” nor were they 
found to partner with any of the baited proteins (Butland, Peregrin-Alvarez et al. 2005). Another 
possibility is that YghB and YqjA play a role in driving membrane hemifusion at the septal ring, 
playing a role analogous to eukaryotic SNARE (SNAP receptor) proteins (Chernomordik and 
Kozlov 2005; Barr and Gruneberg 2007). The cell division phenotype reported here supports 
such a role, and bioinformatics provides some interesting clues. It is common to find dedA 
family members annotated as “SNARE-associated Golgi protein” in many genome databases 
where they are found. However, Tvp38, the Saccharomyces cerevisiae protein in question that 
was found to colocalize with tSNARE in Tlg2-containing Golgi subcompartments (Inadome, 
Noda et al. 2007), is more similar to E. coli YdjX than to YghB or YqjA. YdjX is in turn 25% 
identical to YqjA, with less identity to YghB. Since none of the other components of the 
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eukaryotic vesicle fusion machinery, including SNARE, have obvious prokaryotic homologues, 
this may or may not turn out to be significant. In any case, the mutants reported here, Lud135 
and BC201, represent valuable tools to study the functions of these genes in a well-characterized 
model organism. The cell division defect of Lud135/BC201 is especially striking. It is important 
to restate that this cell division defect occurs under permissive growth conditions, implying a 
central role for YghB/YqjA during normal cell division, and is not just an artifact of cell death 
taking place at elevated temperatures. It is likely that YghB and YqjA play essential but 
redundant roles in membrane biology necessary for the completion of cell division. Cytokinesis 
in bacteria occurs following the correct positioning of the septal ring by the MinCDE proteins. 
There occurs a recruitment in a hierarchical and linear manner of at least 10 critical proteins (18, 
25), beginning with FtsZ, a conserved tubulin homologue. The block in cell division in 
Lud135/BC201 appears to occur at a step following FtsZ ring formation and is thus not likely to 
be an effect of an induction of SOS response-induced FtsZ assembly inhibitors such as SulA (fBi 
and Lutkenhaus 1993)(3) but may be due to FtsZ mislocalization. YghB and YqjA may play a 
role in recruitment of a critical cell division protein or may play an essential role on their own in 
cytokinesis. A similar phenotype has been reported for other mutants with pleiotropic envelope 
defects, including lpxC (envA) point mutants (Normark 1969; Normark 1971) mutants lacking 
components of the twin arginine transport pathway (Stanley, Findlay et al. 2001), and the murein 
hydrolase EnvC mutant (Rodolakis A 1973; Michel, Di Savino et al. 1977). Like 
Lud135/BC201, the envC mutant PM61 did display intriguing alterations in phospholipid 
composition (Michel, Di Savino et al. 1977; Michel GP 1985 ), so perhaps the cell division 
defect seen here is secondary to the observed phospholipid alterations. Unlike these mutants, 
Lud135/BC201 is not hypersensitive to detergents or antibiotics, indicating the presence of an 
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intact OM, at least under permissive growth conditions. It is known that bacteria precisely 
control their membrane lipid composition and that alterations in composition due to mutations 
have effects upon membrane protein folding and numerous cell functions, including cell division 
(reviewed in reference 48). While it is not clear if YghB and YqjA play direct or indirect roles 
in determining membrane lipid composition, in several respects Lud135/BC201 resembles the 
PE-deficient mutant AD93 (pss93::Kanr) (DeChavigny, Heacock et al. 1991; Mileykovskaya, 
Sun et al. 1998). PE is not required for the growth of E. coli under all conditions, and cells 
containing null or temperature sensitive mutations in pssA are devoid of PE and have cell 
division defects (Raetz 1976; DeChavigny, Heacock et al. 1991; Mileykovskaya, Sun et al. 





which promote the formation of nonbilayer phases of CL (Ortiz, Killian et al. 1999). PE is a 
membrane lipid that has the natural potential to undergo a bilayer-to-nonbilayer transition at 
temperatures near but above the growth temperature. Such behavior is important for membrane 
fusion to take place, as occurs during cell division. Both Lud135 and AD93 therefore display a 
dependence upon divalent cations for growth and display cell division defects. Important 
differences between Lud135 and AD93 are that Ba
2+
 is effective at supporting growth of Lud135 
at 42°C and that divalent cations are not required for growth at 30°C (Table 2.3). In addition, 
AD93 shows no dependence upon NaCl for growth, while Lud135/BC201 grows at 42°C on LB 
plates containing 300 to 500 mM NaCl. Of course, Lud135 does synthesize significant amounts 
of PE under all growth conditions and the lipid does appear to be oriented topologically 
correctly, with most being internally oriented and inaccessible to TNBS, as has been reported 
previously (Rothman JE. 1977 ; Doerrler, Gibbons et al. 2004). A puzzling aspect of this work is 
that yghB and yqjA are both nonessential genes in E. coli, and individual in-frame deletion 
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mutants have been made as part of the Keio collection and grow at all temperatures (Baba, Ara et 
al. 2006). It is perhaps a serendipitous finding of mutations in both genes in the same strain. 
YqjA and YghB are 61% identical at the amino acid level and plasmid copies of either gene 
restore growth to Lud135, showing that the proteins can function redundantly. Our P1 
transduction experiments and construction of the targeted double-deletion strain BC201 show 
that both mutations are required for the growth phenotype of Lud135. More may be learned 
about the dedA family by studying multiple-deletion mutants rather than single mutants due to 
their apparent built-in redundancy. In summary, we have utilized a new protocol for enriching 
for temperature-sensitive E. coli msbA mutants and other mutants with membrane defects. This 
procedure is based upon altered migration on a Ludox density gradient and is highly specific for 
conditional msbA missense mutants. We have isolated and provided preliminary characterization 
of a temperature-sensitive strain containing a nonsense mutation in yqjA and a missense mutation 
in yghB, two members of the widely distributed dedA gene family encoding polytopic IM 
proteins of unknown function. The isolation of Lud135 would not have been possible without 
prior Ludox enrichment of mutants. These results indicate that this procedure may be useful in 
identifying other genes involved in membrane biology in Gram-negative bacteria. The exact 
roles of yqjA and yghB remain to be determined, but this is to our knowledge the first report of a 
requirement for growth at elevated temperatures of any dedA family members or for a role in 
lipid synthesis or cell division. Lud135/BC201 provides an important tool to understand the 





MOTILITY DEFECTS AND OVERPRODUCTION OF OUTER MEMBRANE 
VESICLES IN Lud135 
 
3.1 Introduction 
The outer membrane of E. coli is composed of outer membrane proteins, 
lipopolysaccharide, and phospholipids. During vesicle formation the outer membrane pinches 
off, resulting in the packaging of proteoliposome that contain outer membrane proteins lipids and 
components of the periplasm  (Beveridge 1999). Additionally, DNA and antimicrobials have 
been shown to be packaged in outer membrane vesicles (Dorward, Garon et al. 1989; Renelli, 
Matias et al. 2004; Mashburn LM 2005). Outer membrane vesicles play numerous roles such as 
cell to cell communication, pathogenesis, and gene transfer, to name a few (Kuehn MJ 2005; 
Mashburn LM 2005; Mashburn-Warren and Whiteley 2006). Outer membrane vesicle formation 
has been determined to be independent of membrane instability (McBroom, Johnson et al. 2006) 
and has been determined to be a response mechanism (McBroom and Kuehn 2007) . Vesicle 
formation is independent of other stress response systems such as Cpx or σ
E
. The formation of 
outer membrane vesicles manage stress at the cell envelope and eliminates undesirable envelope 
components such as misfolded or overexpressed envelope components, that would otherwise be 
toxic to the cells (McBroom and Kuehn 2007). 
 Lud135 was isolated from a genetic screening process using a Ludox density gradient 
(Thompkins, Chattopadhyay et al. 2008).  Lud135 contains a missense mutation (G203D) in 
yghB and a nonsense mutation in (W92TGA). Both mutations are required for the temperature 
sensitivity of Lud135. Lud135 makes slightly less PE than wild type E. coli and increased 
amounts of cardiolipin and phosphatidylglycerol. Lud135 somewhat resembles AD93 
(pss93::Kanr), PE-deficient mutant. Both Lud135 and AD93 have cell division defects and a 
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requirement for divalent cations for growth. Additionally, AD93 as well as PE temperature 
sensitive mutants have been shown to be non-motile (Shi, Bogdanov et al. 1993). Bacteria 
motility is usually associated with at least one flagella, although, some bacteria utilize flagellum-
independent motility.  Flagellum-dependent motility creates bacterial movement by rotation of 
the flagellar filaments (FliC) in liquid environments. Bacterial movement is attracted towards 
certain stimuli and repelled against other stimuli in a process termed chemotaxis (Lux and Shi 
2004). In this study we determined that Lud135 is non-motile and overproduces outer membrane 
vesicles that contain FliC. 
3.2 Materials and Methods 
 
 Strains. See Table 3.1. 
 
 Motility assay. Aliquots of stationary phase overnight cultures were placed at the center 
of tryptone swarm pates (1 % tryptone, 0.5 % NaCl, and 0.3 % agar).  Plates were incubated 
upright in a humidified 30 °C incubator overnight.   
Table 3.1 Bacterial strains and plasmids used in this study 
Strain or plasmid                      Relevant  genotype and description                    Reference or 
source 
E. coli strains 
 
W3110A           aroA::Tn10 (Tetr P1vir transductant of W3110; LCB273 donor                 (Doerrler, Gibbons et al. 2004) 
Lud135             W3110A (temp-sensitive mutant), yghB1(G203D), yqjA1(W92TGA)          (Thompkins, Chattopadhyay et al. 2008) 
JW2976             Δ(araD-araB)567ΔacZ4787(::rrnB-3) λ-ΔyghB781::Kanr                            (Thompkins, Chattopadhyay et al. 2008) 
 
                           rph-1 Δ(rhaD-rhaB)568  hsdR514 
 
                              
Plasmids 
pACYC              Low-copy-number vector; Tetr Camr                                                                  New England Biolabs 
p-yghB                p-yghB  XbaI/HindIII fragment of pET23-yghB cloned into pACYC184  (Thompkins, Chattopadhyay et al. 2008) 
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 Vesicle production assay.  Vesicles were isolated as previously described. Briefly, broth 
cultures of W3110, Lud135, and Lud135/p-yghB were inoculated at a 1:1000 dilution and grown 
overnight at 30°C. Cells were removed by centrifugation (10 000 g, 10 min, 4°C) and resulting 
supernatants were centrifuged (10 000 g, 10 min, 4°C) to remove any residual cells. Supernatants 
were filtered using 0.45- m cellulose acetate filters (Sartorius). The filtrate was centrifuged to 
pellet the OMV (40,000xg, 1hr, 4 C). The pellet was resuspended in 50 M HEPES, pH 6.8. 
Proteins were separated by SDS-PAGE and detected using Gel code blue (Pierce). 
 Vesicle flotation assay. Vesicles were purified as previously described (McBroom, 
Johnson et al. 2006). Briefly, pelleted vesicles from cultures of  W3110, Lud135, and Lud135 p-
yghB were adjusted to 45% (vol/vol) Optiprep (Sigma) in 0.4 ml. The vesicle solution was 
transferred to a 12.5 ml ultracentrifuge tube and layered with Opitprep/HEPES  (3 ml 35%, 3 ml 
30%, 2 ml 25%, 2 ml  20%, 1 ml 15%, 1 ml 10%). Gradients were centrifuged at 100,000 Χ g for 
180 min. Fractions were removed consecutively from the top of the gradient and separated by 
SDS-PAGE. Proteins were detected using gel code blue (Pierce). 
 Protein Sequencing. Purified outer membrane vesicles were ran on a 10% SDS-PAGE 
and fixed in 40% MeOH/10% Acetic Acid.  The bands corresponding to p51 and p57 were 
excised from gels and identified by tandem mass spectrometry (nano-LC/MS/MS) performed by 
Midwest Bio Services, Overland Park, KS. 
 Lipid analysis of outer membrane vesicles. Cells were grown as described above.  
Additionally, 1 Ci/ml of 
32
Pi was added to the growing culture during the final 10 minutes 
before harvesting of culture supernatant. To simultaneously analyze lipid A and phospholipids, 
portions of outer membrane vesicles were subjected to mild acid hydrolysis in 0.4 ml 12.5 mM 
Na acetate, pH 4.5, 1 % SDS for 30 minutes at 95 C to release lipid A from the LPS core sugars, 
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then extracted by the addition of 1 ml chloroform: methanol (1:1) to yield a two phase solution.  
The aqueous upper phase was discarded and the lower phase was washed with fresh pre-
equilibrated upper phase.  Lipid species were resolved by TLC on Silica gel 60 plates (Merck) 
using the solvent chloroform:pyridine: 88% formic acid: H2O (50:50:16:5) and analyzed using a 
Phosphorimager equipped with IQMac software. 
3.3 Results 
 
 Motility assay. When W3110, wild-type cells, were inoculated onto swarm plates and 
incubated at 30°C a large halo around the inoculums was observed indicating chemotactic 
movement toward nutrients (Fig 3.1). Lud135 failed to swarm at 30°C, the permissive 
temperature. When Lud135 was transformed with a plasmid containing a wild-type copy of yghB 
motility was restored to near wild-type levels (Fig 3.1).  
 
Figure 3.1. Lud135 displays motility defects that can be rescued with a plasmid copy of yghB.  
Overnight cultures of A. W3110A/pACYC184, B. Lud135/pACYC184, and C. Lud135/p-yghB 
were grown in LB/chloramphenicol. 5 μl of the each culture were placed at the center of tryptone 
swarm pates.  Plates were incubated at 30 °C overnight and were photographed using a Bio-Rad 
Gel Doc equipped with Quantity One software. Motility is visualized as a halo around the initial 
inoculums. 
 Outer membrane vesicle production. Cells from overnight cultures of W3110, 
JW2976, Lud135, and Lud135/p-yghB were pelleted and the resulting supernatants were 
centrifuged (100,000Χg) to extract outer membrane vesicles. Analysis of outer membrane 
61 
 
vesicle production of Lud135 indicates it overproduces outer membrane vesicles when compared 
to W3110, wild-type E. coli cells (Fig. 3.2 A). Transforming Lud135 with a plasmid carrying a 
copy of wild-type copy of yghB only partially suppress the overproduction of outer membrane 
vesicle production . JW2976, ΔyghB null mutant, does not overproduce outer membrane vesicles 
(Fig. 3.2 A). Outer membrane vesicles from Lud135 were purified on a discontinuous Optiprep 
gradient (Fig. 3.2 C). Purification of Lud135 outer membrane vesicles reveals two proteins with 
approximate molecular weight of approximately 51 and 57kDa. Purified vesicles were further 
separated on a 10% SDS-PAGE gel and extracted for sequencing (Fig. 3.3). Sequencing results 
revealed the 51 and 57kDa proteins were flagellin (FliC) proteins. 
  Lipid analysis of Lud135 outer membrane vesicles. Lipid analysis of Lud135 outer 
membrane vesicles indicates that outer membrane vesicles from Lud135 contain higher levels of 
membrane lipids than Lud135 harboring plasmid containing yghB. This result was not 
unexpected given that Lud135 overproduces outer membrane vesicles and outer membrane 
vesicles are composed of lipids and proteins from the outer membrane and periplasmic region. 
3.4 Discussion 
 The PE deficient mutant AD93 as well as RA2021 (pss-21 temperature sensitive mutant) 
were reported to be defective in motility and lacked flagella (Shi, Bogdanov et al. 1993). The 
non-motility of RA2021 is also a temperature sensitive phenotype. As the growth temperature 
increases, transcription of flagellar genes reduces which ultimately results in non-motility at the 
non-permissive temperature (Shi, Bogdanov et al. 1993). Lud135 produces reduced levels of 
phosphatidylethanolamine with respect to W3110, wild type E. coli. Lud135 displays similar 
phenotypes to PE deficient mutant AD93 such as cell division and the dependence on divalent 
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cations for growth. Since PE deficient cells are non-motile we set out to determine the mobility 
status of Lud135. 
 
Figure 3.2. Lud135 overproduction of outer membrane vesicles. A. Outer membrane vesicles 
were isolated from W311OA, JW2976, Lud135, and Lud135-pACYC-yghB and ran on SDS-
PAGE stained with Gel code blue. B. Lipid analysis of outer membrane vesicles produced by 
Lud135 and Lud135-pACYC-yghB ran side by side. C. Purified outer membrane vesicles from 






Lud135 was found to be less motile than W3110A parent strain and the mutant harboring 
plasmid p-yghB in swarming assays (Fig.3.1). This motility defect in Lud135 may be due to 
direct effects upon motility, indirect effects resulting from the cell division defect, or a result of 
altered membrane composition. These results taken together suggest a link between membrane 
composition and chemotactic motility (Shi, Bogdanov et al. 1993).  
 Outer membrane vesicle production has been observed for decades however the exact 
mechanism for membrane vesicle formation remains unknown. Analysis of outer membrane 
vesicle production of Lud135 indicates it overproduces outer membrane vesicles when compared 
to W3110, wild-type E. coli (Fig. 3.2 A) Transforming Lud135 with a plasmid carrying a copy of 
wild-type copy of yghB only partially suppress the overproduction of outer membrane vesicle 
production . JW2976, yghB null mutant, did not overproduce outer membrane vesicles (Fig. 3.2 
Figure 3.3. FliC overproduced in Lud135 OMVs. Purified outer membrane vesicles were 
analyzed using 10% SDS-PAGE. The gel was fixed in 40% MeOH/10% Acetic Acid and 
stained with Coomassie blue.  The bands corresponding to p51 and p57 were extracted and 




A) suggesting this phenotype is related to the presence of the double mutations (yghB, G203D; 
yqjA, W92TGA). Outer membrane vesicles from Lud135 were purified on an Optiprep gradient 
(Fig. 3.2 C). Sequencing analysis indicated the overproduced proteins were flagellin proteins 
(FliC). The over production of vesicles containing FliC may explain the non-motile phenotype of 
Lud135. The overproduction of FliC in outer membrane vesicles may be a result of this novel 
response mechanism (McBroom and Kuehn 2007). Lud135 maybe overproducing FliC or FliC 
maybe incorrectly folding due to an altered membrane composition, and as a result the protein is 
packaged into outer membrane vesicles. Lud135 and PE-deficient cells display quite similar 
phenotypes however there were also slight differences. For example, both Lud135 and AD93, 
PE-deficient cells, have a dependence for divalent cations however Ba
2+
 was capable of restoring 
growth to Lud135 and not AD93. Additionally, Lud135 and AD93 are non-motile however the 
non-motility of AD93 was a result of decrease transcription of flagellin proteins, whereas, non-
motility of Lud135 was a consequence of overproduction of flagellin proteins in outer membrane 
proteins. Although the exact correlation between membrane composition and motility remain 

















TOPOLOGICAL ANALYSIS OF YqjA 
4.1 Introduction 
Integral membrane proteins account for approximately 20-30% of all open reading 
frames in sequenced genomes (Krogh A 2001). Membrane proteins are difficult to study and 
they account for less than 1% of the known high-resolution protein structures resulting in a large 
number of predicted membrane proteins for which a function has yet to be determined  (Daley, 
Rapp et al. 2005). Integral inner membrane proteins of Gram-negative bacteria adopt an alpha-
helical structure.  Proteomic analysis on the inner (or cytoplasmic) membrane of Escherichia coli 
determined that approximately 359 polytopic membrane proteins and 94 bitopic membrane 
proteins have not been detected experimentally. The reason that some inner membrane proteins 
are detected experimentally (some on more than one occasion) while other inner membrane 
proteins have not been detected remains a mystery (Bernsel and Daley 2009).  
 Membrane proteins are essential for cellular functions such as maintaining membrane 
integrity, solute transport, membrane and protein biogenesis, energy production, and cell-cell 
communication. More than 60% of all drug targets are membrane proteins, making them prime 
therapeutic targets. Membrane proteins account for less than 1% of the known high-resolution 
protein structures resulting in a large number of predicted membrane proteins for which a 
function as yet to be determined  (Daley, Rapp et al. 2005).Currently no information on protein 
structure or function exists for members of the DedA family of proteins. Topological predictions 
of YqjA place a large loop, which is enriched in positive amino acids, in either the periplasm or 
cytoplasm. This enrichment of positive amino acids may play a role in protein-protein 
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interactions of protein-lipid interactions. Additionally, topological analysis of YqjA may allow 
us to determine what domains of this protein are required for functionality of YqjA.  
 The most widely used technique for determining the topology of inner membrane 
proteins utilize reporter proteins fused to the C-terminus of the inner membrane protein being 
studied. Two commonly used reporter proteins in E. coli are the cytoplasmic β-galactosidase 
LacZ, (Silhavy and Beckwith 1985; Froshauer S 1988) and the periplasmic alkaline phosphatase 
PhoA (Manoil C 1986; Manoil, Mekalanos et al. 1990).  When LacZ is fused to the C-terminus 
of a target protein the LacZ is enzymatically active when the hybrid protein localizes the LacZ 
moiety in the cytoplasm. When LacZ  is fused to a periplasmic domain of the target protein β-
galactosidase becomes entrenched in the membrane resulting in an inactive fusion protein 
(Silhavy and Beckwith 1985; Froshauer S 1988). Alternatively, when PhoA is fused to the C-
terminus of a target protein the PhoA is enzymatically active when the fusion protein localizes 
PhoA to the periplasm. When PhoA is fused to a cytoplamic  domain of the target protein the 
fusion protein becomes inactive (Derman and Beckwith 1991).   In this study we utilize the 
complementary properties of using both LacZ and PhoA reporter proteins to analyze the 
topology of the inner membrane protein YqjA. 
 YqjA is a member of the DedA family of proteins for which no function has been 
determined. E. coli contains four other genes that are predicted to encode proteins with 
significant similarity to YqjA (YghB, YabI, YohD, and DedA; amino acid BLAST (E value of   
<1 Χ10
-6
) and two other proteins (YdjX and YdjZ) less similarity (Sikdar and Doerrler 2009). 
yqjA is a nonessential gene however it was identified as being synthetically lethal with yghB 
(Thompkins, Chattopadhyay et al. 2008). Preliminary results from topology analysis suggest that 
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YqjA consists of 4 transmembrane segments with a large cytoplasmic loop that is enriched in 
positive amino acids. 
4.2 Materials and Methods 
 Materials. Tryptone and yeast extract were purchased from Difco. Phusion DNA 
polymerase, Antartic phosphatase, and T4 DNA ligase, and restriction enzymes were purchased 
from New England Biolabs. 5-Bromo-4-chloro-3-indolyl phosphate (XP), p-nitrophenyl 
phosphate, 5-Bromo-4-chloro-3-indolyl-β-D-galactoside (X- Gal),   and ortho-nitrophenyl-β-
galactoside  (ONPG), were purchased from Sigma-Aldrich.  All oligonucleotides used for PCR,  
cloning, and sequencing were purchased from Sigma-Aldrich. All other chemicals were reagent 
grade and purchased from either Sigma-Aldrich or VWR. 
 Bacterial growth medium. LB medium containing 10 g/liter tryptone, 5 g/liter yeast 
extract, and 10 g/liter NaCl was used in this study. Ampicillin (Amp) was used at a  
concentration of  100 µg/ml for plasmids. For topology studies, LB medium was supplemented 
with  p-Nitrophenyl phosphate was used at a concentration of 0.4% and ortho-Nitrophenyl-β-
galactoside  was used at a concentration of 8 mg/ml in liquid cultures. 
 Strains. Bacterial strains and plasmids used see Table 4.1 
 Construction of plasmid DNA. yqjA truncations were amplified from E.coli genomic 
DNA by use of primers (Table 4.2) in a PCR (0.1 ml) containing 1 U Phusion polymerase (New 
England Biolabs), 200 µM deoxynucleoside triphosphates, 200 ng genomic DNA, and 1Χ 
Phusion HF buffer. The reaction conditions were as follows: 98°C (denaturing) for 30s followed 
by 25 cycles of 98°C for 10 seconds, 55°C (annealing) for 30seconds, and 72°C (extension) for 
45s- 2 min. Followed by  a final extension of 10 mins. PCR products were gel purified and 
digested with NdeI-BamHI (yqjA truncations) or XbaI-BamHI  (lacZ and phoA) and cloned into 
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similarly digested and dephosphorylated vectors pET23a (yqjA truncations) or pWSK29 (lacZ 
and phoA). yqjA truncations were PCR amplified from pET23 vectors, containing the targeted 
gene, to include the ribosomal binding site. PCR products were digested with XbaI-BmgBI and 
cloned. Ligation reactions were used to transform competent cells. Competent cells were made 
by the method of Inoue et al. (Inoue, Nojima et al. 1990). Transformants were selected for the 
appropriate antibiotic resistance. The Qiagen Miniprep kit was used to prepare plasmid DNA. 
Genomic DNA was prepared using the Easy-DNA kit from Invitrogen. DNA sequencing was 
carried out at the LSU College of Basic Science Genomics Facility. 
 Alkaline phosphatase assay.  Alkaline phosphatase activity was quantified by 
measuring the conversion of p-nitrophenyl phosphate to p- nitrophenol by samples as previously 
described  (Manoil. 1991).  Briefly, Cells from 1ml of culture of JW0374 harboring a vector 
carrying the indicated inserts were washed once with 10mM Tris-HCL pH 8.0 after the OD600s 
were measured. Pellets were resuspended in1mm Tris-HCl, permeablized with 50µl each 0.1% 
SDS and CHCl3, and incubated for 5 min at 37°C. 100µl of a 1mM Tris-HCl/0.4% p-nitrophenol 
phosphate solution was added to the reaction mixture and allowed to incubate an additional 
60min. The A420 was read and PhoA activity was calculated (Manoil. 1991). 
 Β-galactosidase assay.  B-galactosidase activity was quantified by measuring the 
hydrolysis of ortho-Nitrophenyl-β-galactoside  (ONPG) as previously described (Miller 1972). 
Briefly, cells were grown to late long phase.  25µl of cultures was added to 975µl of Z buffer. 
Cells were permeabilized with 25µl of 0.1% SDS and 50µl of CHCl3, mixed with 100µl of 
ONPG (8mg/ml), and incubated at 30°C for 60 min. The reaction was stopped by adding 1M 




Table 4.1 Bacterial strains and plasmids 
Strain or plasmid Relevant genotype and 
description 
Source or reference 
E. coli strains   
JW0374 Δ(araD-araB)567 ΔlacZ4787(::rrnB-3) 
ΔphoA748::kan λ- rph-1 Δ(rhaD-rhaB)568 
hsdR14 
Keio 
Plasmids   
p ET23a Expression vector; T7 promoter; Ampr                                                Novagen 
pET23-yqjA65 pET23 containing E. coli yqjA65 
(Xba1/BamH1 sites) 
This work 
pET23-yqjA110 pET23 containing E. coli yqjA110 
(Xba1/BamH1 sites)                     
This work 
pET23-yqjA150 pET23 containing E. coli yqjA150 
(Xba1/BamH1 sites) 
This work 
pET23-yqjA177 pET23 containing E. coli yqjA177 
(Xba1/BamH1 sites)    
This work 





pET23 containing E. coli yqjA213 
(Xba1/BamH1 sites) 
This work 
pWSK29 Expression vector; lac promoter, Ampr                                                (Wang 1991) 
p-FLphoAα pWSK29 containing E. coli phoA 
(Xba/BamH1 sites) 
This work 
p-phoAb pWSK29 containing E. coli phoA 
(Xba/BamH1 sites)                       
This work 
p-yqjA65-phoA Xba1/BmgB1 fragment of pet23yqjA65 
cloned into p-phoA              
This work 
p-yqjA110-phoA Xba1/BmgB1 fragment of pet23yqjA110 
cloned into p-phoA            
This work 
p-yqjA150-phoA               Xba1/BmgB1 fragment of pet23yqjA150 
cloned into p-phoA 
This work 
p-yqjA177-phoA               Xba1/BmgB1 fragment of pet23yqjA177 
cloned into p-phoA 
This work 
p-yqjA185-phoA               Xba1/BmgB1 fragment of pet23yqjA185 
cloned into p-phoA            
This work 
p-yqjA213-phoA               Xba1/BmgB1 fragment of pet23yqjA213 
cloned into p-phoA 
This work 
p-FLlacZc pWSK29 containing E. coli lacZ 
(Xba1/BamH1 sites) 
This work 
p-lacZd                                pWSK29 containing E. coli lacZ 
(Xba1/BamH1 sites) 
This work 
p-yqjA65-lacZ Xba1/BmgB1 fragment of pet23yqjA177 
cloned into p-lacZ 
This work 
p-yqjA110-lacZ Xba1/BmgB1 fragment of pet23yqjA177 
cloned into p-lacZ 
This work 
p-yqjA150-lacZ Xba1/BmgB1 fragment of pet23yqjA177 
cloned into p-lacZ 
This work 
p-yqjA177-lacZ Xba1/BmgB1 fragment of pet23yqjA177 
cloned into p-lacZ 
This work 
p-yqjA185-lacZ                Xba1/BmgB1 fragment of pet23yqjA177 
cloned into p-lacZ                
This work 
p-yqjA213-lacZ Xba1/BmgB1 fragment of pet23yqjA177 
cloned into p-lacZ 
This work 
α
Full length phoA. 
b
 phoA minus signal sequence. 
c
Full length lacZ. 
d




 Topology reporter analysis. A common technique used for inner membrane protein 
topology mapping consists of fusing a reporter protein to the C-terminus of the target protein. In  
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Table 4.2 PCR primers used in this study 
Primer sequence forward and reverse 
yqjA  forward                                        
5´-GCGCCATATGGAACTTTTGACCCAATTGCTGCAAGCC-3´ (NdeI) 
yqjA65 reverse                                      
5´-GCATAAGGATCCTAGTATTCACGTCGGATTGGCCAGGGTTTCAAATC-3´ (BamHI) 
yqjA150 reverse                                    
5´-GCATAAGGATCCTAGTATTCACGTCGTTATTCAGCCCTGAATAACCCG-3´ (BamHI) 
yqjA185 reverse                                    
5´-GCATAAGGATCCTAGTATTCACGTCCTCGTACTTTAAAAATACCGGCG-3´ (BamHI) 
yqjA213 reverse                                   
 5´-GCATAAGGATCCTAGTATTCACGTCTTTCCATAACACGACCAGAG-3´ (BamHI) 
lacZFL forward                                   
  5´-CGCGTCTAGAAAGGAGCACGTCATGACCATGATTACGGATTC-3´(XbaI) 




phoAFL forward                                    
5´-CGCGTCTAGAAAGGAGCACGTCGTGAAACAAAGCACTATT-3´ (XbaI) 
phoAfus forward         
5´-CGCGTCTAGAAAGGAGCACGTCCGGACACCAGAAATGCCTGTTC-3´ (XbaI) 
phoA reverse 
 5´-GCGCGGATCCTTATTTCAGCCCCAGAGCG-3´ (BamHI)                      
Underlining for each primer sequence indicates the site for the restriction endonuclease (given in 
parentheses) for that sequence. BmgBI site in red- see Materials and Methods.  
 
 this study we used the predicted topology of YqjA (Fig. 4.1 B) that was derived from 
TOPCONS prediction software (Bernsel, Viklund et al. 2009) to determine the locations for the 
creation of the YqjA truncations (Fig. 4. 2A). This predicted topology of YqjA consists of 
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6 transmembrane domains and a large periplasmic region that is enriched with positive amino 
acids. To determine LacZ activity of fusion proteins β-galactosidase activity was measured and 
quantified using Miller units (Miller 1972). Preliminary results indicate that the fusions at sites 












Figure 4.1 YqjA fusion sites. A, amino acid sequence of YqjA with fusion sites in red. B,  
Topology prediction used to determine the predicted localization of fusion sites (red stars) 









Figure 4.2 Topology reporter analysis. A. β-galactosidase was measured in Miller units (Miller 
1972). B, PhoA activity was assayed as previously described (Manoil. 1991). 
 





100%). To determine  PhoA activity, the conversion of p-nitrophenol phosphate to p-nitrophenol 
was measured and quantified (Manoil. 1991). PhoA fused to YqjA177 (85%) and YqjA185 
(112%) showed high levels of activity (Fig. 4.2 B) when compared to the positive control (FL-
PhoA-100%) suggesting that these positions are localized to the periplasm. The results from both 
LacZ and PhoA reporter assays are contradictory to the TOPCONS (Bernsel, Viklund et al. 
2009) prediction model which localizes YqjA 110 in the periplasm and YqjA185 in a 
transmembrane domain. The localization of fusion proteins YqjA65 and YqjA213 is 
inconclusive at this time due to the low activity of both PhoA and β-galactosidase. Functionality 
is not believed to be an issue because yqjA213 fused to both lacZ and phoA is able to 
complement BC202 (ΔyqjA ΔyghB, temperature sensitive mutant) and restore growth at the 
nonpermissive temperature. Our preliminary results suggest that the topology of the inner 
membrane protein YqjA consists of 4 transmembrane segments with a large cytoplasm loop that 
is enriched in positive amino acids (Fig. 4.3). 
4.4 Conclusion 
 Lud135 was isolated from a genetic screen utilizing a Ludox density gradient (Doerrler 
2007). Lud135 is a temperature sensitive mutant harboring mutations in two related genes, yghB 
(G203D) and yqjA (W92TGA). Mutations in both yghB and yqjA are required for temperature 
sensitivity because individual knockouts of these genes are part of the Keio collection and grow 
at all temperatures. Targeted deletions of yghB and yqjA in a wild-type background resulted in 
the strain BC202. BC202 is phenotypically similar to Lud135. Lud135 and BC202 are defective 
in cell division and form chains of cells at the permissive temperature. Plasmids carrying a wild 






as correcting the cell division phenotype. Lipid analysis of Lud135 and BC202 indicated a 
reduction in PE and an increase in anionic phospholipids (CL and PG). Millimolar 








are able to restore growth to 
Lud135 at the nonpermissive temperature.  
 Lud135 was determined to be less motile than wild-type E.coli and overproduced FliC in 
outer membrane vesicles. The overproduction of outer membrane vesicles by Lud135 may be a 
stress response to the overproduction or misfolding of FliC or a resulted of altered σ
E
 pathway. 
Additionally, the extent to which the σ
E
 stress response is activated in Lud135 and BC202 needs 
to be observed because previous research has determined that mutations that alter the activity of 
the σ
E
 pathway increases vesiculation. Furthermore, outer membrane vesicle production by 
BC202 needs to be analyzed. 
 Preliminary results from LacZ and PhoA reporter assays suggest the topology of YqjA 
consists of 4 transmembrane domains with a large cytoplasmic loop which is enriched in positive 
Figure. 4.3 Model for YqjA topology. Predicted topology of YqjA using SCAMP1 




amino acids. This model for YqjA topology satisfies the positive inside rule. We believe that the 
large cytoplasmic region is important for the function of YqjA. It may be involved in 
sequestering proteins to the membrane or in lipid binding. However, these results are preliminary 
and more research needs to be performed to ensure the proper topology of YqjA. More fusions 
may need to be created as well proteolyic digestions should be performed to confirm the 
localization of YqjA. 
 YghB and YqjA encode predicted inner membrane proteins that belong to the DedA 
family of proteins, for which no function has been determined. E. coli contains three other genes 
that belong to the dedA family that encode proteins that are significantly similar to YqjA and 
YghB (YabI, YohD, and DedA) and two additional genes that are less similar, YdjX and YdjZ.  
Plasmids expressing yabI, yohD and dedA are also capable of restoring growth to Lud135 and 
BC202. There are more than 1,000 genes in the online database annotated as being dedA family 
members or possessing significant amino acid identity to E. coli DedA. Homologues from 
Borrelia burgdorferi (Doerrler unpublished observation) and Helicobacter pylori (Thompkins 
unpublished observation) are capable of restoring growth to BC202 at the nonpermissive 
temperature. However, it remains to be determined whether dedA homologues from other 
organisms function similarly in their respective organisms. Results reported here suggest that 
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